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Abstract
Fully three-body kinematical calculations have been developed for analysing the 
breakup of light, weakly bound two-body projectiles using several theoretical 
models. Parallel momentum distributions of the ^Be fragments produced in the 
breakup of on Ag and Pb targets at 44 and 82 MeV/ nucleon have been cal­
culated. The asymmetry seen in these distributions due to E1/E2 interference is 
instructive in trying to understand the E l and E2 contributions to the total cross 
section. The predicted E2 cross section in these reactions was found to be model 
dependent. Semi-classical first-order perturbation calculations show that an E2 
strength of 70% that given by the Esbensen and Bertsch ®B structure model re­
produces the asymmetry observed in the measured distributions for a Pb target 
at 44 MeV/nucleon. Non-perturbative coupled discretised continuum channels 
(CDCC) calculations gave distributions with a greatly reduced asymmetry when 
compared with first-order calculations highlighting the presence of higher-order 
effects in the breakup process, which suppress the E1/E2 interference. Increas­
ing the E2 amplitude by a factor of 1.6 in these calculations reproduced the 
asymmetry seen in the all measured distributions.
Comparisons between the CDCC and adiabatic methods have been made. The 
adiabatic method is a higher-order theory, like CDCC, but cannot be applied 
to projectiles where both fragments are charged. Therefore the breakup of ®Li 
has been studied. Large discrepancies are seen between the results of the two 
methods. Approximations have been made in evaluating the DWBA post-form 
T-matrix. The results are similar to those of the adiabatic method, rather than 
prior-form DWBA calculations. These results reveal a post-prior disagreement 
in both first-order and higher-order theories.
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Chapter 1
Introduction
The properties of light, weakly bound nuclei have been studied in nuclear physics 
for a number of years. Of particular interest is the Coulomb breakup of these 
nuclei, which can be used to gain information about the inverse capture reactions 
that are important in nuclear astrophysics [1]. Charged particle capture reac­
tions at stellar temperatures have very small cross sections due to the colliding 
particles not being able to overcome the Coulomb barrier at low energies. There­
fore, measurement of these cross sections in the laboratory is difficult. However, 
the breakup reactions of light nuclei in the Coulomb field of a high Z  nucleus 
have significantly larger cross sections than the inverse capture reactions given 
a high enough projectile incident energy. Measurements of the projectile frag­
ments emerging at extremely forward angles allows the interactions between the 
projectile fragments at low relative energies to be investigated.
1.1 H istory of breakup experim ents
One such capture reaction that has been the source of much interest is the proton 
capture reaction ^Be(p, 7 )^B. Determining the reaction rate at solar temperatures 
is relevant to the solar neutrino problem, as the neutrinos produced in the decay
of are a major contributor to the high energy neutrino flux from the sun. Sev­
eral attempts have been made to measure the ^Be(p, 7 )^B cross section directly, 
e.g. [2- 6], at proton energies considerably higher than those found at solar tem­
peratures which are typically 15-20 keV. The data from these experiments have 
then been extrapolated to low energies to extract the zero energy astrophysical 
i9-factor, *9i7(0) [4,6-8]. Unfortunately, due to difficulties in measuring the cap­
ture cross section and the subsequent extrapolation, the value of 6*17(0) is not 
known to sufficient accuracy. Indirect studies of the ^Be(p, y)®B cross section 
have been made [9-11] by performing Coulomb breakup experiments for ®B on a 
lead target. In [9] the double differential cross section was measured as a func­
tion of the proton-^Be centre of mass scattering angle and relative energy for an 
incident projectile energy of 46.5 MeV/nucleon. A fit of the data was made using 
the semi-classical method of Ref. [12] to calculate the cross section. However, 
only E l transitions in the excitation of ®B were included in the calculations.
While E l transitions completely dominate the ^Be(p, 7 )®B capture reaction, E2 
transitions may make a significant contribution to the breakup cross section de­
pending on the kinematics of the breakup reaction. Thus, to measure the El 
strength accurately, the E2 contribution to the total breakup cross section must 
also be known. Predictions of the importance of the E2 transitions in the Coulomb 
breakup of ^ B using various different ®B structure models have been made in Refs. 
[8,13-15]. In these references, the cross section was calculated as a function of 
proton-^Be centre of mass scattering angle and relative energy in an attempt to 
reproduce the data of Ref. [9]. However, these cross sections are not ideal to 
gauge the E2 strength as the E l and E2 cross sections add incoherently in these 
observables, and thus the cross section is not particularly sensitive to E1/E2 
interference.
A more appropriate observable is the parallel momentum distribution of the ^Be 
fragment produced in the breakup of ^B. In this distribution, the different mul­
tipole cross sections interfere coherently, thus making it more sensitive to E l/E 2 
interference. Calculations and measurements of ^ Be parallel momentum distribu­
tions from the breakup of ^B on high Z  targets with beam energies in the range 
~  40 — 80 MeV/nucleon have shown a pronounced asymmetry in the shape of 
the distributions [15-20]. This asymmetry, caused by interference between E l 
and E2 transitions, suggests there is a significant E2 contribution to the total 
breakup cross section. In [18,20] the asymmetry observed in the measured ^Be 
parallel momentum distribution for ®B incident lead target at 44 MeV/nucleon 
was reproduced by a semi-classical calculation with an E2 strength 70% that of 
the Esbensen and Bertsch ®B structure model [15]. However, the projectile ex­
citation was treated to first-order in this calculation, thus higher-order effects in 
the breakup process were not taken into account. Higher-order calculations where 
the breakup reaction is treated as a time-dependent process [21] have shown the 
asymmetry of the ^Be distributions for ®B on gold at a 41 MeV/nucleon was re­
duced when compared with results of first-order calculations [15,17]. Therefore, 
higher-order effects could play a significant role in the breakup process and need 
to be considered when trying to determine the E2 contribution to the breakup 
cross section.
The breakup cross section of ^ B on ^®Ni at the much lower beam energy of 26 MeV 
has also been measured [22-24]. At this energy it was thought that the E2 con­
tribution to the cross section would be more important than in the experiments 
with higher beam energies, and thus easier to measure. Several theoretical calcu­
lations for this reaction have been performed [25-28]. It was found that the data 
were not accurately described by first-order calculations but were consistent with 
the results of non-perturbative coupled discretised continuum channels (CDCC) 
calculations. In Ref. [28] the results of CDCC calculations reproduced the mea­
sured ^Be energy distributions of Ref. [24] using both the Kim [7] and Esbensen 
and Bertsch [15] structure models. However, the expected E1/E2 interference 
was not seen, instead the calculated distributions were almost symmetrical. This
is evidence, along with the failure of first-order calculations to reproduce the 
data, that higher-order effects are prominent in the breakup process at this beam 
energy, leading to the suppression of the E1/E 2 interference. CDCC calculations 
have also given a good description of breakup data from the higher energy 
experiments [20]. The asymmetry of the measured ^Be parallel momentum dis­
tributions for ^B on lead at 82 MeV/nucleon was reproduced accurately using 
the Esbensen and Bertsch structure model without any adjustment to the E2 
strength.
Nuclear induced breakup could also contribute to the total breakup cross sec­
tion. Calculations for the breakup ®B on ®^ Ni at 26 MeV have shown there are 
significant nuclear effects in the breakup process despite the sub-Coulomb inci­
dent energy [27]. The first-order calculations of Ref. [20] for ®B on silver at 44 
MeV/nucleon fail to reproduce the widths of the parallel momentum distribu­
tions. This was suggested to be due to nuclear effects in the breakup process, 
which are not taken into account in these calculations. Despite the peripheral 
nature of the reactions, where the ^Be fragments were detected at very forward 
angles or a sub-Coulomb incident energy was used, nuclear interactions between 
the projectile and target were possible, due to the extended nature of the ®B 
wavefunction.
1.2 A nalysis of Coulomb breakup in the current 
work
In the current work, the breakup the ®B on lead and silver targets at 44 and 
82 MeV/nucleon is investigated. Fully three-body kinematical calculations have 
been developed enabling the calculation of the breakup triple differential cross 
section. Thus, predictions can be made for the measured ^Be parallel momen­
tum distributions from experiments conducted at the National Superconducting
Cyclotron Laboratory (NSCL), MSU [20]. Several theoretical descriptions of the 
breakup process, as detailed in Chapter 2, are used in the calculations for compar­
ison with the data. Chapter 3 contains the results of first-order calculations using 
semi-classical [29] and fully quantum mechanical distorted wave Born approxima­
tion (DWBA) [26] methods. In Chapter 4 the results of CDCC calculations are 
presented and compared with the first-order calculations together with the data 
as a means of analysing the importance of higher-order effects in each reaction. 
The contribution of nuclear induced breakup to the total cross section is also 
investigated.
In our preliminary calculations, we adopt a single-particle model of a proton 
interacting with aw inert, spinless ^Be core for the ®B structure model. Thus, 
core excitations are ignored. Several single-particle structure models have been 
proposed for ^B [7,15,30-33] and a comparison of them is given in [34]. Here, a 
modified version of the Esbensen and Bertsch model [15] is used, the details of 
which are given in Section 3.1. Microscopic shell model calculations have shown 
that for a bound state of a P3/2 proton coupled to the ground state of ^Be the 
spectroscopic factor is very close to unity [35,36]. Other calculations where ^B is 
treated as a three-body system (a-f^He-{-p) have shown the spectroscopic factor 
for this configuration to be significantly lower at approximately 0.7 [37]. However, 
as we shall see in Section 3.1.3, little error is expected in assuming the proton is 
purely in a P3/2 orbit and neglecting the spin of the core. The E2 contribution 
to the breakup cross section is studied by adjusting the E2 strength given by 
the Esbensen and Bertsch structure model, as in Refs. [18,20], to reproduce the 
observed asymmetry in the measured parallel momentum distributions.
The CDCC calculations in Chapter 4 are compared with first-order calculations. 
To investigate further the accuracy of the CDCC technique as means of describing 
Coulomb breakup, comparisons with other all-order theories would be insightful. 
To this end, adiabatic [38] and non-perturbative time dependent [39] calcula-
tions are presented in Chapter 5 along with CDCC calculations. In the adia­
batic method, the three-body scattering wave function appearing in the post-form 
breakup T-matrix is approximated by the solution to the three-body Schrodinger 
equation in the adiabatic limit. Unfortunately, this method is only applicable 
to reactions where the target interacts with only one of the projectile fragments 
and thus, the breakup of cannot be studied. The mirror nucleus of ^B is ®Li, 
which can also be thought of as a two-body projectile with a valence particle in 
a Ps/2 orbital, except the valence particle is a neutron. Hence, the breakup of 
®Li is investigated instead. Post-form DWBA calculations for the breakup of ®Li 
are also shown in Chapter 5. However, the post-form DWBA breakup T-matrix 
element cannot be evaluated exactly and thus approximations to the matrix ele­
ment are used in the calculations. The results are shown together with prior-form 
DWBA and semi-classical calculations. This enables a post-prior comparison of 
first-order theories.
Chapter 2 
Theoretical m odels for Coulomb  
breakup
In this chapter we develop the necessary formalism for analysing the breakup of 
a two-body projectile nucleus, p, with charge Zp, mass rUp and laboratory energy 
Eiab, incident on a target nucleus, of charge Zt and mass rrit. The projectile 
nucleus consists of a core particle, c, of mass rric and charge Zc, and a valence 
particle, v, of mass m-u and charge Zy. We have in mind systems such as in 
which the valence particle is a weakly bound nucleon with intrinsic spin 5o =  1/2, 
with a single bound state. We are interested in calculating triple differential cross 
sections for the breakup of the projectile to final states, which can be used
to compute three-body observables measured in experiments. If, for example, the 
energy of the emerging core particle is detected, then for a three-body final state, 
the valence particle energy is uniquely specified and the triple differential cross 
section has the form
dn„dn,dSe "  ^ i ( 2jo + i)  D  (2.1)
Here, p{Ec, Oc, is the three-body phase space or density of states factor and 
is derived using both relativistic and non-relativistic kinematics in Appendix A.
The projectile-target relative velocity, V{, is also calculated either relativistically 
or non-relativistically from Eiab- Tmoa' is the three-body breakup T-matrix and 
shall be derived using several theoretical approaches to three-body breakup in 
the following sections.
2.1 Breakup of 2-body projectiles
Figure 2.1: Coordinate system adopted when considering a three-body breakup reac­
tion for a two-body projectile, consisting of a core particle (c) and valence particle (u) 
incident on a target nucleus {t).
Figure 2.1 shows the coordinate system adopted for this analysis, where R  is 
the position vector of the projectile centre of mass relative to the target and r 
is the position vector of the valence particle relative to the core particle. The 
core-target separation can be written as Rc =  R  — 7„cr, and R,, =  7tcR-c + r, 
where 7^ 0 =  m„/(mc -t- m„) and jtc = mtl{mc -t- rrit). The projectile interacts 
with the target through effective interactions U((Rc), the core-target interaction, 
and 14t(Ry), the valence particle-target interaction, where RJ, =  R  -f (1 — 7„c)r, 
the valence particle-target separation. In general, and I4f(R[^) include
both nuclear and Coulomb interactions, the nuclear interactions taking the form
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of optical potentials fitted to elastic scattering data, wherever possible.
The initial state of the projectile is taken to be a bound state of the core and 
valence particles. The core, assumed here to be inert and spinless, is bound to 
the valence particle, with intrinsic spin sq, in a state with relative orbital angular 
momentum £q- Thus, the projectile initial state, |i,mo), having total angular 
momentum jo {jo — £q s q ) with projection mo, has the form
(r|z,mo> =  ^  so<7q\j o m o ) { r ) X s o a o , (2.2)
mfg(To
where Xso<ro is the valence particle internal wave function with spin projection <jq. 
The radial wavefunction, i^ Eq. (2.2) satisfies the equation
i2
=  -^o^Wo(r). (2.3)
Here, So, and are the separation energy, reduced mass and binding
potential of the core-valence system, respectively.
Upon interaction with the target nucleus, the projectile can be excited from its 
initial state to core-valence continuum states, which satisfy outgoing
waves boundary conditions with incident wave vector k. Assuming Sq =  1/2
(r|k'+)(T') =  r)X w
=  (em'isoa'ljm) (k)
jm  em[
X  '^(imiSoa\jm)Yimt{r)Xso<7- (2.4)mia
Here a' labels the asymptotic spin projection of the valence particle. The U£jk are 
the continuum wave functions for wavenumber k and partial wave and satisfy 
the equation
=2 /rl2 =  0 (2.5)
where Ef. = h'^k^/2fj,cv and %U(r) is the core-valence continuum state potential. 
This potential can be chosen to be identical to the binding potential for all partial 
waves or may be I  and j  dependent. The ugjk have asymptotic normalisation
utjk{r) -> sm{kr -  +  ôijk) as r -> oo, (2.6)
where is the sum of the phase shifts due to the Coulomb and
nuclear potentials. With this normalisation, the U£jk are real when Wu is real.
2.2 Sem i-classical m odel
The following analysis of three-body breakup uses the (high energy) serai-classical 
model for Coulomb excitation as set out by Alder and Winther, [29]. Within this 
semi-classical model, the relative motion of the projectile centre of mass (c.m.) 
and target nucleus is treated classically, whereas the excitation, assumed to be 
pure Coulomb, is described quantum mechanically. Following the convention of 
[29], the projectile c.m. is assumed to travel along a straight line trajectory of 
impact parameter 6, with constant velocity, Uj. The direction of Vi is chosen to 
be the z-axis. A necessary condition for the classical description of the relative 
motion of the projectile and target to be valid is that
.  =  (2.7)
and the projectile-target relative wave number K  is large enough so that A is 
small compared to distances over which the target potential varies significantly. 
If p Z$> 1, the projectile is assumed to move in accordance with the equations of 
classical mechanics along its trajectory [40].
The Coulomb interaction between the projectile and the target is written
F  =  V{R)  +  A F  (2.8)
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where V {R) is the monopole part of the Coulomb field which acts on the centre
of mass of the projectile and A V  is the part which causes the projectile excita­
tion and breakup. The projectile excitation is treated in first-order perturbation 
theory. In using first-order perturbation theory, it is assumed that coupling be­
tween excited states is weak, so after the Coulomb field of the target excites the 
projectile from its initial state to a continuum state, no further excitation occurs. 
For a two-body projectile, V  =  Vci(H'c) +  and thus A V  has the form
A K (R ,.) ■ ^  ( f l  t  M
For a vector p = R  — r where R >  r, one can write the following multipole expan­
sion [41]
;  =  E  (2.10)
X ( i
Assuming the projectile and target do not overlap during the reaction i.e, R >  r 
always, A V  can be written as a multipole expansion and the Coulomb excitation 
amplitude can then be expressed in terms of these multipole matrix elements [15]
Amo a' (k, K) =  ^'^Fxn(k^~'^or'\Mxfi\hmo). (2.11)
X f i
The above expression gives the Coulomb excitation amplitude, using first order 
perturbation theory and a semi-classical description of scattering, for exciting a 
two-body projectile in an initial state |î,mo) to final state |k(+)y) for a given 
final state core-valence particle relative wave vector, k, and projectile c.m. wave 
vector, K, in the projectile-target c.m. frame. The F-amplitudes in Eq. (2.11) 
carry the K dependence and are given by [15]
The multipole operator, has the form
^ x M  =  eAr^VA^(f) (2.13)
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where
In Eq. (2.12)
W =  (2,15)
thus Uu) is the excitation energy. Also
7 = ^  +  1 (2.16)mpc2  ^ ^
takes into account the Lorentz contraction of the electromagnetic field where Eiah 
is the projectile incident energy in the laboratory frame, and
c 7
The impact parameter and c.m. scattering angle are related by
(2.17)
/^ iU ? ta n V /2 )’
where 6k  is the angle of the projectile-target wave vector relative to the z-axis 
and Upt is the projectile-target reduced mass. The G\fi factors for dipole and 
quadrupole excitations are
(7io =  G20 =  G2±2 = —, U iii =  1, (j2±i ~  2 ^  ' (2.19)
The formulas used in Eqs. (2.11) and (2.12) are those of Ref. [15], which are 
essentially identical to the original expression for the excitation amplitude given 
in [29]. Only electric transitions are taken into account, which is a reasonable 
approximation for the projectile incident energies considered here.
Eq. (2.12) diflPers by a factor g-W/c from the expression given in [15]. This 
is because in Ref. [15] the a;-axis is chosen to be in the scattering plane of K,
12
such that the azimuthal angle (j)K is zero. However, when considering three-body 
observables it is convenient to define the coordinate system with respect to the 
fixed positions of the detectors in the laboratory frame. For such a coordinate 
system cf)K is, in general, not zero, thus the amplitude’s dependence on (f)K must 
be re-introduced by the factor .
Assuming straight line trajectories for the projectile is a reasonable approxima­
tion when considering large impact parameters. However, the expression for the 
Coulomb field in (2.8) contains a monopole part, F(i?), which acts on the pro­
jectile centre of mass. As 6 -> oo, F(R) —)• 0, but for finite impact parameters 
V(R)  will cause the path of the centre of mass of the projectile to deviate from 
a straight line trajectory. A better choice for the path is a classical Rutherford 
trajectory. To account for this, the value at which the Bessel function in 
(2.12) is evaluated can be changed [29] by making a modification to the impact 
parameter
We now evaluate explicitly the quantum mechanical matrix element in Eq. (2.11). 
Under time reversal, the term in the multipole matrix element in Eq.
(2.11) is related to the final state by [42]
-Soc(k< )(T'|r) = a
=  (2-21)
Hence the matrix element has the form
(k( )y|MA,,(r)|%, ^o> =  y  (fc)7e£jA(fc)
jm  £m'^
x{{iso)jrn\Yxf,{f)\{ioSo)jomQ) (2 .22)
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where the two-body wavefunctions enter through the radial integrals,
PO O
Ri jx{k)=ex  /  U£jk{r)r^Ui^j^{r) d r . (2.23)Jo
Using the convention of Ref. [41] the matrix element {(^So)im|yAAi(UIUoSo)io?no) 
in Eq. (2.22) can be written in terms of a reduced matrix element as follows
{{^So)jm\Yx^,{r)\{eoSo)jomo) =  {jornQX/i\jrn){[iso)j\\Yx{r)\\{ioSo)jo)- (2.24) 
In general, for a spin Sq, the reduced matrix element has the form 
((£so)i||FA(r)ll(^oSo)io> =  ( - y  ( \j-x-so+eo3o^^oxfŸïï
'xW{Uo3k\ A5o)(40AO|£0). (2.25)
Using (2.24) and (2.25), the three-body Coulomb breakup amplitude can then be 
written
X j j .
= S E ^
Xfi jm  tm \
x[^rn\soG'\jm){jomo\fi\jm){todXd\^d)WUtojjo\ Asq)
(2.26)
Finally, the Coulomb breakup amplitude, Umoc' (k, K), is related to the T-matrix, 
Tmoc'(k, K), in Eq. (2.1) as follows
Ruth
where the Rutherford cross section (da/df])ij„t/i has the form
,2\  2f Z t Z ^ e y  1
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2.3 Coupled discretized continuum  channels 
m ethod
In the coupled discretized continuum channels (CDCC) method [43,44], the k 
continuum for core-valence particle excited states with quantum numbers i , j ,  is 
divided into intervals, or bins, of width Aki — [A;% — ki-i], up to some maximum 
wave number kmax’ For each a = (i, l,j,  Sq) bin, the core-valence relative motion 
wave function has the form
C W  =  ^ '^{^rneSocr\jm)Y^mi{r)XsoaUa{r). (2.29)
me a
The radial wavefunctions Ua{r) are a superposition of the continuum wave func­
tions uijk{r), as defined by Eqs. (2.4) and (2.6), over the momentum range Aki
%a(r) =  9 a(k)uijk{r) d k . (2.30)
Here ga{k) is the weight function and the normalisation constant Na is defined
as
fki
N a =  \ga(k)\'^dk. (2.31)Ai_i
For a non-resonant continuum the weight functions are typically chosen to be 
ga{k) =  1, except for 5-wave bin states where it is convenient to choose ga{k) =  k 
[28].
The three-body wavefunction for the c+n+t system with total angular momentum 
J  and projection M  can then be expanded as
^ 5 “ ( r ,R ) =  ^  <t, 'S{v){LMdm\JM)i^Yi.MAR)Uj{R)/R-  (2.32)
The projectile-target radial wave functions faLj{R) are the solutions of the set 
of coupled equations
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faLj{R)
(2.33)
a'U
where £i is the average energy of the continuum bin a, or Si =  —Go for the projec­
tile bound state. The matrix elements are the coupling interactions
between the bin states
V^t^a'AR) = {[L ® +  V „ t { K W  ® (2.34)
When evaluating the coupling interactions, the projectile internal coordinate is 
truncated at some maximum radius r i^n which is chosen to be sufficiently large so 
that (wo-l^ ia) =  1. The interactions Vct(Rc) and %,t(R(,) are expanded as Legendre 
multipole potentials
v^(?-, R) =  i  r \ v , t { R o )  + Kt(R'JlRA(3;) dx (2.35)
where A is the multipole order and x  =  f .R.  The can then be written
as an expansion in A, [25] and calculated up to some maximum multipole order.
Eq. (2.33) is solved, using the coupled channels code FRESCO [46], either exactly, 
if the coupled equations are not too numerous, or iteratively:
( à  "  + e i - E & { R )
a' L'^aL
(2.36)
with n =  0, 1,2 ....... The order DWBA may be regarded as the solution of the
iteration of (2.36) [25,26]. Thus for n =  1, the first-order DWBA solution for 
the scattering amplitude can be calculated from the asymptotic 5-matrix of the
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solution faLji.^) to (2.36). For a suitably large n the coupled channels solution 
is given by the multistep DWBA results, either directly or by the method of Fade 
approximants [25].
The (two-body) scattering T-matrix is related to the scattering amplitude as 
follows
27r/i3'm„m(Ka) =  (2.37)f^pt V “  a
Here K q is the incident wave number of the projectile in the projectile-target 
c.m. frame and ümom(Ka) is the (two body) scattering amplitude, summed over 
partial waves, for exciting the projectile in initial state jo, mo to a final bin state 
j , m  with c.m. wave vector Kq, [28]. However, when calculating three body 
observables, we are interested in the T-matrix T^ojy/(k, K). This T-matrix is for 
projectile breakup from an initial state jo, mo to a general three-body final state 
where each final state configuration has associated with it a specific projectile c.m. 
wave vector K  and core-valence relative wave vector k. To make the connection 
between 7^^^(Ka) and Tmo<r'(k, K) we write the prior form breakup T-matrix as
[28]
T„„^,(k,K) =  (k(-)ff'.e*-«-|K,,(RJ +  K,(RL)|®gf™ (r,R)). (2.38)
Here R) is the CDCC approximation to the three-body scattering wave
function and is written as an expansion in the total angular momentum eigen­
states ^ jj^ (r ,R )  [45]. Inserting the complete set of bin states
r„„„.(k ,K ) =  ^ ( k ( - ) c r ' |C ) ( C e ‘' ‘-^|K,t(Rc) +  K.(R;)|®?rSn„(r,R)) (2.39)
am
where the sum over a  is for all bin states containing the wave number k. Now 
we see that the matrix elements (R(,) | (^, R) ) in Eq.
(2.39) are the scattering T-matrix elements T“^^(K). Thus, on calculation of 
the overlap integral (k^~^cr|(^2‘) in Eq. (2.39), the breakup T-matrix has the form
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[28]
ami
xyemi{k)ga{k)Tmom{o^i'^) (2.40)
where
rna
Tjnom{o^ , K) =  exp(i[mo -  (2.41)V/Vq.
Here, for each K, the T ^ ^ ( K )  are interpolated from the coupled channels so­
lutions for the scattering matrix elements of Eq. (2.37), which are
calculated on a grid of 6^ and Ka values. As with the semi-classical model in 
the previous section, the breakup T-matrix has to be multiplied by the factor 
exp(z[mo — m]0jf) due to the coordinate system being defined with respect to 
detector positions rather than the plane of wave vectors Kq, and Kq.
2.4 Post-form  breakup am plitudes
In the subsequent theoretical analysis of the breakup of a 2-body projectile, we 
assume that the projectile only interacts with the target through the core-target 
interaction. Vet and that the valence particle-target interaction, Wt can be ne­
glected, [38].
For a three-body system of a projectile, consisting of a core and neutral valence 
particle, incident with momentum in the centre of mass frame on a target nu­
cleus, the scattering wave function, Wq^mo(r,R), satisfies the Schrodinger equa­
tion
[Tr +  Vc,(R -  7„,r) +  -  R ]$ (+ L (r , R ) =  0 . (2 .42)
Here Hyc =  Tr -f Hcu(r) is the internal Hamiltonian of the projectile, Tr being the 
kinetic energy operator for the relative motion of the core and valence particle,
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and Kv(r) is the core-valence potential. Tr. is the projectile-tar get kinetic energy 
operator and T^t(R — Tver) is the interaction between the core particle and the 
target.
2 .4 .1  A d i a b a t i c  a p p r o x i m a t i o n
The adiabatic approximation in the context of three-body breakup assumes the 
core-valence relative excitation energies are small when compared with E, the 
incident energy of the projectile [47]. Hyc is then replaced by a constant energy 
in (2.42), where this energy is chosen to be —Go, the projectile binding energy, as 
defined in Eq. (2.3). Therefore, in the adiabatic limit, the three-body Schrodinger 
equation takes the following form
[Tr +  T4<(R -  7»cr) -  Eo]¥+i„ (r, R) =  0 (2.43)
where Eo = E+eo and (r, R) is the approximate three-body wave function. 
The exact solution of Eq. (2.43) is [38,48]
=  exp(%Tvcqp.r)x^) ( R j  (r |%, mo) (2.44)
where Xq^(Rc) is a distorted wave for a projectile of mass fj.pt — mpmt/{mp+mt),  
evaluated at the position of the core particle, and (r|%, mo) is the projectile bound 
state, given in Eq. (2.2).
The exact post-form T-matrix for the breakup of a projectile with initial momen­
tum qp to a three-body final state with core particle momentum q  ^ and valence 
particle momentum q„ is [38,49]
TTnoCT'(Hi;Qcj Qp) — (c "XqcH l^c)Xso<7n^u(r)l^[^],^Q (r, R)) (2.45)
where XqT^  ( R j  is an in-going distorted wave for the core particle and Xsoa' 
is the valence particle i spin wave function with spin projection a'. By writing
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the projectile ground state as
( r | z , m o ) =  (^o"î£oSoO-o|iomo)(?!>^5;(r)xsoao (2.46)
mtQ(To
where (r) =  (^ )'(^ o^jo (^)A; &i^ d replacing in (2.45) the solution of the ex­
act three-body Schrodinger equation , (r,R ), with (r, R), we obtain
the following approximation for the post-form breakup T-matrix in the adiabatic 
limit
(qi^QcQp) =  XI %?7i4)8oo-o|jomo)
mfj, CTO
X (R ) C S  (=^ )x»o<.o)- (2.47)
As detailed in [38], the post-form is chosen for the breakup T-matrix due to 
limitations in the accuracy of the approximate scattering wave-function. The 
factor 0£^j°(r) means that (r, R) will vanish exponentially as r — > oo.
Thus, #^mo(r, R) will be inaccurate for large values of r. However, the presence 
of Vcv in (2.47) means that values of r where (i", R) is inaccurate are not
considered when calculating 7]^^,, assuming that the valence-core potential has 
no Coulomb part and is purely a nuclear interaction. Since one of the initial 
conditions when writing the three-body Schrodinger equation , (2.42), is a neutral 
valence particle, this criterion is automatically met.
Here, the potential Vcv is assumed to be central allowing Eq. (2.47) to be inte­
grated over spin variables and upon summing over ctq, 7 ^ ^ , reduces to
^mo^'(Q«Qc,qp) =  X^(^m£oSoo-'|jomo) /  dR /  dr
^to
x%:v(r)[e(:'^-q;":')xW(Rc)(^%%(r)]. (2.48)
Eq. (2.48) then factorizes when the variable of integration in the first integrand 
is changed from R  to Rc (with unit Jacobian)
^mo^'(q4^qc,qp) =  X)%^^oao(r'|jomo)(Pv|%M,(r)|'^^%>(Qp,X^^|x^^) (2.49)
20
where — TvcQp and =  jtc^.v The second factor in (2.49) contains the
reaction dynamics and, assuming the core-target interaction is pure Coulomb, 
can be expressed in terms of the bremsstrahlung integral [50,51]. The first factor 
in (2.49) contains the projectile structure information and is referred to as the 
vertex function [38,49]. By expanding the plane wave exp(zP^.r) as follows
exp(iP^.r) =  47rY^i^je{Pyr)Yimi{r)Yl^^{Py) (2.50)
imi
and integrating over f, the vertex function can be written
{P.lVUrWlt) =  (A ) (2.51)
where
  / 'O O
DtojÀPv) = V4tt / ji^{Pyr)Vcv(r)ui^j^{r)rdr. (2.52)Jo
Hence, taking the square modulus of and summing over mo and we are
left with the following expression for use in calculating three-body cross sections
E  = ■Otoc(n)^|(Q„,xt>lxÿ)l^ (2.53)mocr'
2.4.2 D W B A  approach
A different approximation that can be applied when considering three-body breakup 
reactions is the distorted wave Born approximation (DWBA). In DWBA the 
three-body scattering wave function is approximated by
^  E  b'o™o)x^' ( R ) ( r ) x « o , o  (2.54)m£jjO-o
where is the projectile distorted wave evaluated at the projectile centre of 
mass position, R. Inserting the DWBA scattering wave function into Eq. (2.45) 
leads to the following expression for the approximate T-matrix
x%i.(r)[x:;^)(R),^%;(r)]. (2.56)
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The core distorted wave in (2.55) can be written as
(2.56)
where Q — — îVr . If treated exactly, then (2.55) cannot be factorised in a similar 
way to (2.47). However, following the method of [52], the magnitude of Q has 
been approximated by
Q{Rd ) = ] / ^ ( E c  -  % .(% )) (2.57)
where g>tc is the reduced mass of the core and target, is the asymptotic kinetic energy 
of the core in the c.m. frame, and VctiRo) is the core-tar get potential evaluated at some 
distance, between the core and the target. Previously, this approximation 
has been referred to as the local momentum approximation [49,52]. A more 
appropriate term for this approximation, and the one we shall use here, is the 
global momentum approximation (GMA), as the momentum, Q, is evaluated at 
some core-target separation, % ,  and held constant for all R^. The justification 
for using this approximation is stated to be that the magnitude of Q is virtually 
constant over all core-target separations that are relevant to Coulomb breakup 
reactions [52]. If the direction of Q is taken to be the same as the direction of the 
core momentum, then Q can be replaced by Qc in (2.56). Since Q is no longer 
dependent on R  using this approximation, (2.55) can now be factorised
?;^J'(q„qc,qp) =  ^(^om^ogQcr' Ijomo)( P v I ( r ) I )(Q«, | > (2.58)
which is identical to Eq. (2.49) except in this case the vector P„ =  aq^ — %cQ, 
where ol — 1—7üc7vc- Thus, the only operational difference between this approach 
and the adiabatic method when calculating triple differential cross sections, is the 
value of Py at which D^ojo(Pu) is evaluated in Eq. (2.53).
Factorising (2.55) into two separate integrals can also be performed by changing, 
instead the argument of the projectile distorted wave, from R  to Rc, [49], i.e.
x ÿ ( R )  =  e‘^ “ Q--X<+>(Rc). (2 .59)
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Then applying the GMA to Q, (2.55) can to be factorised in a similar way to 
Eqs. (2.49) and (2.58), with P« =  — 7vcQ- In fact, is identical to (2.49)
if Q is chosen to be equal to q^.
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Chapter 3 
First-order perturbation theory  
calculations for the breakup of °B
3.1 Structure m odel for
In this section, the structure model used for in the 1st order breakup calcu­
lations is described. It is based on the structure model used by Esbensen and 
Bertsch [15], but is simplified as outlined below.
3.1.1 G round sta te  of
To a very good approximation, ^B consists of a valence proton weakly bound to 
an inert ^Be core by 0.137 MeV. Some uncertainty remains as to whether ®B has 
a proton halo, [17], but that is not important here. The important feature of ®B 
is that it can be treated as consisting of two distinct bodies weakly bound to each 
other, and it is these particles that are detected after breakup.
The ground state of ^B is a 2"^  state with the dominant configuration a proton in 
a nodeless P3/2 orbit coupled to the 3/2“ ground state of the ^Be core. In Refs.
[15,16] it is assumed that the ®B ground state can be completely described using
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proton
Binding Energy = 0.137 MeV
Figure 3.1: Assumed ground state structure of ®B. A P3/2 proton bound by 0.137 MeV 
to a spinless ^Be core.
this configuration. Here, we adopt a modified version of the structure model of 
Refs. [15,16]. As shown in Fig. 3.1, the P3/2 proton is bound to the ^Be core, 
assumed to be a spectator here, and so can be assumed to be spinless giving a 
3/2“ ground state. Thus, we have an initial (bound) state \i,mo), with orbital 
angular momentum ^0 = I, spin sq =  1/2 and total angular momentum jo =  3/2 
with projection mo.
A spherical Woods-Saxon plus spin-orbit potential is used for the core-proton 
nuclear interaction
-I- VtosQ^ o ■ ^0“ ^ ^  /(^) (3.1)
where
 ^ "  l+ e x p [ (r -R ) /a ] '
The parameters used in f{r)  are ro =  1.25 fm, where R  =  and a = 0.52 fm.
Using these parameters, a well depth of Vq =  48.09 MeV reproduces the correct 
binding energy of 0.137 MeV if spin-orbit forces are ignored, i.e. Vt s^o — 0- 
Including the spin-orbit force by choosing V^ s^o =  19.59 MeV fm^ as suggested in
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[15,16], a well depth of Vq =  44.97 reproduces the correct binding energy. The 
spin orbit force is included in the ground state structure model used in subsequent 
calculations although as shown in Section 3.1.3, this makes little difference in the 
multipole strength functions for
3.1.2 C ontinuum  sta tes
El E2
P
Continuum
Slates
Bound State
Figure 3.2: Possible excitations of the ground state to continuum states 
through El and E2 transitions
When considering the Coulomb breakup of ®B to first order, both El and E2 
transitions are important for excitations from the ground state to excited states. 
Therefore, starting in a p-wave in the ground state, the valence proton in ®B can 
be excited into s and d states through El transitions and p and /  states through 
E2 transitions, see Fig. 3.2. No excited bound states exist for ®B, and with 
coupling to the more tightly bound s state being Pauli blocked, all excitations 
are to the continuum.
The core-proton interaction for the final states is again modelled by a Woods- 
Saxon plus spin-orbit potential of the form shown in Eq. (3.1). In Refs. [15,16] 
the well depths, Vq, for the different partial waves are chosen to reproduce known 
resonances in the ps/2 continuum waves. However, here we will use the ground
26
State potential parameters for the continuum states for all partial waves.
3.1.3 M ultip ole stren gth  functions
Here, the dipole (El) and quadrupole (E2) strength functions are calculated as 
a function of core-proton relative kinetic energy using the structure model 
described above. Comparing them with the strength functions of Refs. [15,16] 
can then be used as a check for the simplified structure model used in this analysis.
Given the final state asymptotic normalisation in (2.6), the multipole strength 
functions are defined as
o/C 7T 2Jq -f- 1
where TZijx{k) are the radial integrals involving the core-proton wavefunctions as 
defined in (2.23).
Eq. (3.3) is expressed as a function of core-proton relative wave number k, 
whereas the dipole and quadrupole strengths in Refs. [15,16] are plotted as 
functions of relative energy, E^ ei- The relationship between the two is as follows
dB{EX) iJ,^ y dB{EX)
dErel h^k dfc (3.4)
Figure 3.3 shows dipole and quadrupole strength functions for the Coulomb 
breakup of ®B, plotted as a function of relative energy. The strength functions 
have been calculated without including any spin-orbit interactions (solid curve) 
and with the proton in a P3/2 orbital (dashed) and pi/2 orbital (dot-dashed) in 
the ground state. Very little difference is seen in E l strength function in choosing 
the valence proton to be in a pi/2 or P3/2 orbital in the ground state. A more 
noticeable difference is seen in E2 strength function for the two different ground 
state configurations at relative energies of approximately 0 to 2 MeV. Even so,
27
without s -o
Pa/2 9-S- Pl/2 9-®'
0.15
.1
E(D
m 0.05m•o
0.5 2.5
300
V  200o>
I
I
m 100m■a
0.5 2.5
Figure 3.3: Dipole (left) and quadrupole (right) strength functions for Coulomb 
breakup of >^Be+p as a function of relative energy of the fragments.
the errors incurred by assuming the proton to be purely in a 7^3/2 orbital in the 
ground state are only likely to be of the order of 1%.
The plots in Fig. 3.3 compare well with those for the multipole strength functions 
in Refs. [15,16] where the spin of the core has been included in the calculations. 
Therefore, taking the core spin into account does not seem to be of great impor­
tance and is neglected here. There is a difference in the E2 strength function of 
Refs. [15,16] in that a peak at approximately =  0.6 MeV is not reproduced 
here. This peak is included in the E2 strength function of [15,16] to reflect a res­
onance in the 1”^ channel due to Ml transitions. However, at the beam energies 
considered here, Ml transitions are small compared to E l and E2 transitions and 
can be neglected .
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3.2 R esults o f sem i-classical calculations
In this section, the results of first-order perturbation theory calculations using 
the semi-classical method described in Section 2.2 are used in an attempt to 
reproduce experimental data for the breakup of on ^°^Pb at 44 and 82 MeV 
per nucleon. The data are from an experiment performed by Davids et al at the 
NSCL, MSU [18].
First-order semi-classical calculations, following the methods of Alder and Winther
[29] and Baur, Bertulani and Rebel [12], have often been used to analyse the 
Coulomb breakup of ®B [8-10,15-20]. In experiments involving the breakup of 
a two-body projectile such as ^B, it is common to express the measurements as the 
double differential cross section as a function of the relative energy of the emerg­
ing projectile fragments and the angle of the c.m. of the projectile fragments 
relative to the beam direction. Attempts have been made to reproduce the rel­
ative energy spectrum data for the breakup of ®B with first-order semi-classical 
calculations in order to extract the E l strength, e.g. [8-10,15]. However, the 
cross section is not particularly sensitive to E1/E2 interference for this observ­
able as the amplitudes for the different multipoles add incoherently. Thus, it 
is difficult to make an accurate prediction of the El strength from the relative 
energy spectrum as the importance of the E2 contribution to the cross section is 
also uncertain.
A more appropriate observable to look at when trying to understand the El 
and E2 transition strengths in the breakup of ®B is the parallel momentum dis­
tribution of the ^Be core. For this observable, the E l and E2 amplitudes add 
coherently, resulting in asymmetry in the distribution [15-20]. Figure 3.4 shows 
parallel momentum distributions of ^ Be from the Coulomb breakup of ®B on ^°^Pb 
at 44 MeV per nucleon calculated using the first-order semi-classical method. In 
these calculations the E l strength, as defined by the structure model described 
in Section 3.1, is held constant while the percentage of the total E2 amplitude
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contributing to the overall breakup cross sections is increased from 0 to 100%. 
This is effectively the same as modifying the structure model to adjust the E2 
strength. As the E2 contribution to the total cross section is increased the dis­
tribution becomes more asymmetric as well as shifting towards higher momenta. 
Therefore, the asymmetry of the parallel momentum distribution caused by the 
E1/E2 interference effects is useful in determining the E2 contribution to the 
breakup cross section.
4.0  0% E2
  25% E2
 50% E2
 75% E2
 100% E2_  3.0
^  2.0
E2
0.0 1.95 2.00 
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Figure 3.4: Calculated parallel momentum distributions of ^Be from the breakup of 
on Pb at 44A MeV, showing the effect of scaling the E2 amplitude. ^Be 6max = 3.6°
Figure 3.5 shows parallel momentum distributions of ^Be fragments from the 
breakup of at 44 MeV per nucleon measured for 3 different ô^ax values. Here, 
^max is the maximum scattering angle, relative to the beam direction, of the 
^Be fragments. The solid curves are the results from semi-classical calculations 
using the structure model given in Section 3.1. Spin orbit forces were included 
in the ^Be-proton potentials for these calculations, although this makes little 
difference to the shape of the distributions. The distributions calculated without 
any adjustment to the E2 strength do not describe the data accurately, in both 
magnitude and asymmetry of the distribution’s peaks. Scaling the E2 amplitude
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by 0.7 to reduce the asymmetry of the distributions, as suggested in Ref. [18], 
gives a better description of the data for all angular cuts as shown in the right 
hand graph of Figure 3.5. As well as reducing the E2 strength in the calculations, 
these distributions have been rescaled to bring their magnitude in line with the 
data.
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Figure 3.5: Parallel momentum distributions of ^Be from the breakup of on Pb at 
44A MeV. The curves are the results of first-order semi-classical calculations with no 
E2 amplitude scaling (left) and the E2 amplitude scaled by 0.7 (right).
The parallel momentum distributions for the breakup of on Pb at 82 MeV per 
nucleon calculated without an E2 strength adjustment also fail to reproduce the 
data accurately, as shown in Fig. 3.6. The effect of rescaling the E2 amplitude 
by 0.7 in these calculations can be seen in the right hand graph of Fig. 3.6. 
Again, the distributions are rescaled to bring the magnitudes in line with the 
data. However, in this case the asymmetry of the calculated distributions is not 
reduced sufficiently to match the slope of the peaks in the data. Thus, while 
reducing the E2 strength in the calculations can give a good description of one 
set of data, the semi-classical model does not give an accurate description of all 
breakup data using a consistent E2 strength.
Another inconsistency between the data and theoretical predictions is the width 
of the distributions. This is particularly evident at the higher energy of 82 MeV
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Figure 3.6: Parallel momentum distributions of ^Be from the breakup of on Pb at 
82A MeV. The curves are the results of first-order semi-classical calculations with no 
E2 amplitude scaling (left) and the E2 amplitude scaled by 0.7 (right).
per nucleon. At both 44 and 82 MeV per nucleon, the contribution of nuclear 
induced breakup to the cross section could be significant, even at the forward 
scattering angle being considered here. Since the semi-classical model only takes 
into account Coulomb interactions between the projectile and target, this could 
be a reason for the discrepancy between the predicted and measured distribution 
widths.
3.3 R elativ istic effects
The semi-classical method described in Section 2.2 allows relativistic effects to 
be included when calculating the breakup amplitude. However, the calculations 
of parallel momentum distributions in the previous section are not completely 
relativistic as the three-body kinematics used in calculating the triple differential 
cross section were non-relativistic.
Appendix A shows how the triple differential cross section, and hence the parallel 
momentum distribution, is evaluated using both relativistic and non-relativistic
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three-body kinematics. A comparison of ^Be parallel momentum distributions 
calculated with and without relativistic kinematics and breakup amplitude is 
shown in Figure 3.7. The solid curve is the result of a completely non-relativistic 
semi-classical calculation for on Pb at 44 MeV. In this calculation, the 7 factor 
in Eq. (2.12) is taken to be unity, and the projectile-target relative velocity is 
evaluated using the classical relationship for kinetic energy and velocity instead 
of Eq. (2.17). The dashed curve is the result of a semi-classical calculation 
with relativistic effects included in both the calculation of the breakup amplitude 
and the three-body kinematics. Also shown is the distribution from Section 3.2 
for ^B on Pb at 44 MeV per nucleon (dotted curve), where relativistic effects 
are included when calculating the breakup amplitude but not in the three-body 
kinematics.
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Figure 3.7: Parallel momentum distributions of ^Be from the breakup of on Pb at 
44A MeV. The curves are the results of first order semi-classical calculations.
Including relativistic effects when calculating the triple differential cross section 
appears to alter the magnitude parallel momentum distributions but has no effect 
on the shape of the distribution. Repeating the calculations for ^B on Pb at 82 
MeV per nucleon gives similar results for the parallel momentum distributions,
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as shown in Figure 3.8. The increase in magnitude as a result of using rela­
tivistic three-body kinematics is greater than at 44 MeV per nucleon, as might 
be expected at the higher energy, but again, there appears to be little or no 
change in the shape of the distribution. The position on the p// axis of the distri­
butions calculated relativistically is shifted towards higher momenta than those 
calculated non-relativistically. This effect is greater in the results of calculations 
for 82 MeV/ nucleon then 44 MeV/nucleon. However, for comparison here, the 
distributions have been recentered on the data.
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Figure 3.8: Parallel momentum distributions of ^Be from the breakup of on Pb at 
82A MeV. The curves are the results of first order semi-classical calculations
Although the semi-classical method has been formulated so that a fully rela­
tivistic calculation can be performed, the other theoretical methods described in 
Chapter 2 have not. However, the results in this section show that even though in­
cluding relativity in calculating parallel momentum distributions results in some 
change in the magnitude, the shape of the distributions is not altered. Since 
an understanding of the asymmetry of the measured distributions is our present 
aim and not reproducing the magnitude, we will continue to use non-relativistic 
calculations in the following sections when comparing to the data. The inclu­
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sion of relativistic effects in all calculations, while not vitally important here, 
is a problem that may need to be addressed in the future, especially as higher 
beam energies will be used, following the NSCL coupled cyclotrons upgrade for 
example.
3.4 R esults of 1st order D W B A  calculations
The results in the previous section show that the first-order semi-classical model 
does not accurately describe the breakup of using the structure model de­
scribed in Section 3.1. This could be because the structure model is incorrect. 
However, the semi-classical model is only an approximate method for ■ de­
scribing Coulomb breakup dynamics. Therefore, a more detailed calculation may 
describe the data to greater precision without any need for a change in the struc­
ture model.
This section shows the results from (first-order) DWBA calculations. Here, first- 
order DWBA is regarded as the first iteration of the coupled equations in Eq. 2.36, 
as described in Section 2.3 and Refs. [25,26]. This is a fully quantum mechanical 
approach, so no semi-classical approximation is made for the projectile-target 
relative motion. Nuclear interactions can also be included in the core-target 
and proton-target potentials. However, as with the semi-classical approach, the 
excitation of the projectile by the target is assumed to be a one-step process, 
thus higher-order effects are ignored.
Figure 3.9 shows the parallel momentum distributions of ^Be fragments from the 
breakup of ®B on Ag at 44 and 82 MeV/nucleon. The data are from experiments 
conducted by Davids et al at the NSCL [20] and the calculated distributions 
are the results of the DWBA calculations using pure Coulomb and Coulomb 
plus nuclear projectile-target interactions. The results from the semi-classical 
calculations are also included for comparison. In all the calculations, the structure
35
8_=2.5" e„„=1.25”
——  sa m l-c la s s
   DWBA pure  Coul
 DWBA nuc+Coul
2.0
% 1.0 I^ 0.5
0.0 1.95 2.00 2.05 2.10
se m i-c la s s
 DWBA pure  Coul
-  “  DWBA nuc+C oul
1.0
0.8
0.6
0.4
0.2
0.0 2.70 2.75 2.80 2.85
P// (GeV/c)
Figure 3.9: Parallel momentum distribution of ^ Be fi'om the breakup of on Ag at 44 
(left) and 82 (right) MeV/nucleon. The curves are the results of first order perturbation 
theory calculations using the semi-classical and DWBA methods.
model in Section 3.1 is used and the E2 amplitude has not been scaled. The 
calculated distributions are absolute predictions and have not been rescaled to 
fit the data.
For the Coulomb plus nuclear DWBA calculations, the ^Be-target and proton- 
target nuclear interactions are represented using optical potentials. The param­
eters used for the ^Be-target potential are those given by Cook to fit ^Li elastic 
scattering data [53] and the proton-target potential parameters are calculated 
using the Becchetti and Greenlees optical model for the elastic scattering of nu­
cleons [54]. Both Figures show that the DWBA and semi-classical calculations 
give similar results when only Coulomb interactions are considered. There is a 
small difference in magnitude of the distributions calculated using the different 
methods and the asymmetry is slightly reduced in the DWBA distribution. Since 
the structure model of ^B used in both calculations is identical, this gives a first 
indication that differences in the magnitude and shape of the parallel momen­
tum distributions can be dependent on the reaction model used as well as the
36
structure model input. Including nuclear interactions in the DWBA calculations 
increases the magnitude of the distributions further, and also widens the distribu­
tions, bringing them closer to the data at higher and lower momenta. Therefore, 
it appears that nuclear induced breakup makes a significant contribution to the 
breakup cross section even at the forward angles considered here and cannot 
be ignored when trying to reproduce the data accurately, as is done if using the 
semi-classical (Coulex) calculations.
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Figure 3.10: Parallel momentum distribution of ^Be from the breakup of on Pb 
at 44 (left) and 82 (right) MeV/nucleon. The curves are the results of first order 
perturbation theory calculations using the semi-classical and DWBA methods.
Figure 3.10 shows the parallel momentum distributions of ^Be fragments from the 
breakup of ^B on Pb at 44 and 82 MeV/nucleon. The results of the various cal­
culations are similar to those shown in Fig. 3.9 for ®B on Ag. Including Coulomb 
and nuclear projectile-target interactions in the DWBA calculation again gives 
noticeable increases in cross section when compared with the results of the pure 
Coulomb calculation. The width of the distributions is increased when nuclear 
interactions are included in the calculations, although at 82 MeV per nucleon this 
increase in width is not enough to bring the distribution in line with the data.
Using the DWBA method and including nuclear interactions gives a better de­
scription of the data than the semi-classical method, especially for the 44 MeV
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per nucleon data. The asymmetry of the distributions is reduced and their widths 
are also increased. Therefore, the DWBA method does take us someway toward 
being able to describe the data without needing to alter the E2 strength, as is 
done in the semi-classical calculations. However, the DWBA calculations are still 
not the most complete calculations that can be performed as the projectile ex­
citation is only treated to first-order. The importance of higher-order effects in 
the breakup of ^B has not been clarified and this issue is the subject of the next 
chapter.
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Chapter 4 
CDCC calculations for the  
breakup of °B
Both the semi-classical and DWBA descriptions of breakup in Chapter 2 treat 
projectile excitation in first-order perturbation theory. That is, the excitation 
of the projectile by the target is assumed to be a one step process, and that 
after the initial breakup of the projectile no further excitations occur. However, 
the Coulomb force is a long range interaction, so assuming no further projectile 
excitation after the initial excitation in a Coulomb dominated process may not 
be an appropriate approximation. Since the breakup reactions for ®B we are 
considering here are Coulomb dominated processes the importance of higher order 
effects needs to be considered. Previous non-perturbative calculations for similar 
®B breakup reactions to those investigated here have indicated the presence of 
significant higher-order effects in the breakup process [15,20]. Thus, the non- 
perturbative coupled discretised continuum channels (CDCC) method, described 
in Chapter 2, is used in this chapter to investigate the importance of higher-order 
effects in the breakup of ^B.
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4.1 M odel space for CDCC calculations
The model space parameters for the CDCC calculations are defined as follows. 
For all spin-parity assignments, the continuum is discretised up to a maximum 
relative energy of £max =  10 MeV with the number of bins for each as follows: 
r  = 1/2+ has 20 bins, r  = 1/2", 3/2“ , 3/2+, 5/2+ have 10 bins and = 
5 /2“ , 7/2“ have 5 bins. The bins are constructed so that they are evenly spaced 
in A:, the relative wave number, from A: =  0 to kmax- When constructing each bin 
state, the numerical integration over k in Eq. (2.30) uses 50 intervals from A:,_i 
to A:,. Figure 4.1 shows the cross section for each state as a function of bin 
energy for on Pb at 44 MeV/nucleon. The plots show that 10 MeV is a high 
enough maximum energy for the continuum discretisation for each .
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Figure 4.1: Cross section for on Pb at 44 MeV/nucleon as a function of bin energy 
for each spin-parity state
Multipoles up to A = 2 and a maximum radius of 60 fm for all bins is used for the 
radial integrations over r when evaluating the coupling interactions, VaL,a'L'i^)- 
Using multipoles up to A =  3 made little difference to the calculations for the 
incident energies used in the NSCL experiments and thus, E3 couplings are ne-
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glected.
For the centre of mass motion of the projectile relative to the target, partial waves 
up to L =  10000 and values of R  up to 1000 fm are used to compute the relative 
motion wavefunctions fa'U j{R)’ Eq. (2.36) is solved in steps of 4 in the range 
L = 0 to L = 200, steps of 10 in the range L  =  200 to L =  300, steps of 50 in the 
range L =  300 to L =  1000 and steps of 200 from L =  1000 to L =  10000. The 
size of the steps reflects the variations in cross section over the ranges of L.
The DWBA calculations of the previous chapter have the same model space as 
the CDCC calculations, except the bin states are coupled to the ground state 
in first-order only.
4.2 Com parison w ith  first-order calculations
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Figure 4.2: Parallel momentum distribution of ^Be from the breakup of on Ag at 
44 (left) and 82 (right) MeV/nucleon. The curves are results of semi-classical, DWBA 
and CDCC calculations using the assumed ®B structure model of Chapter 3.
Figure 4.2 shows the ^Be parallel momentum distributions for the breakup of 
®B on Ag at 44 and 82 MeV per nucleon and Figure 4.3 shows the ^Be parallel 
momentum distributions for the breakup of ^B on Pb, also at 44 and 82 MeV per
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nucleon. In each figure, distributions calculated using semi-classical, DWBA and 
coupled discretised continuum channels (CDCC) methods are shown.
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Figure 4.3: Parallel momentum distribution of ^Be from the breakup of on Pb at 
44 (left) and 82 (right) MeV/nucleon.
The calculated distributions are absolute predictions and have not been scaled 
to fit the data. In the DWBA and CDCC calculations, projectile-target nuclear 
interactions have been included as well as Coulomb interactions. The nuclear 
interactions used here are the same as for the DWBA calculations of the previous 
chapter where the  ^Be-tar get interaction is that of Cook [53] for ^Li and the 
proton-target interaction is calculated using the nucleon optical potential model 
of Becchetti and Greenlees [54].
Both figures show that the asymmetry of the parallel momentum distributions 
calculated using the CDCC method is significantly less than for the first-order 
calculations, which is consistent with earlier calculations [15]. Since the ®B struc­
ture model used in the CDCC calculations is the same as in the first-order cal­
culations, it appears that including higher-order effects in the calculation of ^Be 
parallel momentum distributions has the same effect as reducing the E2 strength. 
However, we see that this effective reduction of the E2 strength results in a larger 
reduction of the distributions’ asymmetry than is needed to describe the data.
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As with the DWBA calculations, the widths of the CDCC calculated distributions 
do not match the data at 82 MeV per nucleon. This could be due to projectile- 
target nuclear interactions being significant at this energy and inaccurate nuclear 
potentials being used in the calculations. The parameters for ^Be-target nuclear 
interaction used in the calculations have no energy dependence, they are either 
fixed or depend on the mass of the target. Since these parameters were originally 
chosen to fit ^Li elastic scattering data on various targets at total projectile 
incident energies of around 50 MeV, the potential may not be appropriate for 
the projectile energies considered here. Therefore, the CDCC calculations were 
repeated with a  ^Be-tar get nuclear potential with parameters that are dependent 
on the projectile incident energy. This potential was constructed using the folding 
model [55] and is given by
Vf(R) = j  dri J  dr2pi(ri)p2(r2)? i^Viv(|R + r i  -  r 2|). (4.1)
Here R  is the separation of the centres of mass of the two nuclei, is the internal 
coordinate of the target and T2 is the internal coordinate of the projectile, in this 
case ^Be. The mass density distribution of ^ Be, p2 , was chosen to have a Gaussian 
form using an rms radius 2.27 fm, calculated from the rms charge radius of ^Li 
given in [56]. Following [57], for an Ag target the mass density distribution, is 
of Woods-Saxon form and has an rms radius of 4.5 fm and a diffuseness of 0.515 
fm. These parameters were estimated from the Woods-Saxon parameters given 
for various nuclei in [57]. Again following [55], the nucleon-nucleon interaction 
vm n{\^  +  ri — r 2|) has the Yukawa form
+  r ,  -  r.l)  =  - ( .  +  ■ (4-^)
For ^Be -f Ag, v and w were chosen to be 40 MeV and 45 MeV respectively for 
44 MeV per nucleon and 35 MeV for both v and w at 82 MeV per nucleon with 
a Yukawa range of t  — 0.7 fm. These values were estimated from the v and w 
values given in [57] for several elastic scattering reactions.
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Figure 4.4: Parallel momentum distribution of ^Be from the breakup of on Ag at 
44 (left) and 82 (right) MeV/nucleon. The curves are results of CDCC calculations 
using various fragment-target interactions.
Figure 4.4 compares the results of CDCC calculations for the breakup of on 
Ag at 44 and 82 MeV per nucleon, using either the Cook or the folded nuclear 
potential for the ^Be+Ag nuclear interactions. The results of CDCC calculations 
including only Coulomb projectile-target interactions are also shown. The figure 
shows that, as with the DWBA calculations, including nuclear interactions in 
the calculations changes the magnitude and width of the distributions, most 
noticeably at 44 MeV per nucleon. However, there is little sensitivity to which 
of the two nuclear potentials is used in the ^Be+Ag interaction. Therefore the 
Cook potential is used for the ^Be-target nuclear interaction in all subsequent 
calculations.
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4.3 E xtraction of th e E2 am plitude from CDCC  
results
As shown in Figures 4.2 and 4.3, the parallel momentum distributions calculated 
using the CDCC method have a greatly reduced asymmetry when compared 
with the results of first-order calculations. Now the slopes of these distributions 
are less than that of the data, so the E2 strength has to be increased for the 
calculated distributions to fit the data. Figures 4.5 and 4.6 show how scaling the 
E2 amplitude in CDCC calculations changes the asymmetry in the ^Be parallel 
momentum distributions. To scale the E2 amplitude in CDCC calculations, the 
matrix elements given in Eq. (2.34) are multiplied by the appropriate
factor. The calculated distributions have all been scaled to bring their magnitude 
in line with the data, enabling a comparison of how well the slope of each curve 
fits the data. From the figures it can be seen that a factor of 1.6 gives a good 
description of data.
It should be noted that the important part of this analysis is how accurately the 
slopes of the peaks in the calculated distributions describe the data. Reproducing 
the magnitude of the data with the calculations is not so important. This is 
because of the uncertainty in the Omax values of the experimental data. Figure 
4.7 shows the ‘height’ of the measured and calculated distributions, with various 
E2 scaling factors, plotted against Ô^ax for ®B+Ag at 44 and 82 MeV per nucleon. 
The ‘height’ is taken as the value of da/dp//  at the mid-point of the distributions. 
For the calculated distributions the mid-points are at parallel momentum values
of p// =  y/2Ecmc, where rric and Ec are the incident energy and mass of the core 
respectively, and are 2.011 GeV/c at 44 MeV/nucleon and 2.745 GeV/c at 82 
MeV/nucleon. However, due to uncertainties in the experimental beam energies, 
the mid-points of the measured distributions are not at these p// values. Thus, 
the calculated distributions have to be shifted along the p// axis to centre on
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Figure 4.5: Parallel momentum distribution of ^Be from the breakup of on Ag 
at 44A MeV. The curves are results of CDCC calculations with the E2 amplitude 
multiplied by different factors.
the data. The value of p// for the mid-point of the data is taken to be where 
the mid-point of the calculated distributions are after being shifted along the p// 
axis. The experimental data ‘height’ is then calculated by linearly interpolating 
the data points either side of the mid-point. This is an approximate method 
but gives some idea of how sensitive the magnitude of the parallel momentum 
distributions is to the value of Qmax-
The intrinsic angular resolution for the measurement of the ^Be fragments given 
in [20] is approximately 0.1 degrees (0.2 mrad). So, for example, a decrease in 
^max from 2.0° to 1.9° in the CDCC calculation with E2 amplitude scaled by 1.6 
at 44 MeV/nucleon, reduces the ‘height’ of the distribution from 1.27 to 1.175 
b/GeV/c. Similarly, decreasing Oj^ x^ from 1.0° to 0.9° in the 82 MeV/nucleon 
calculation reduces the ‘height’ from 0.64 to 0.54 b/GeV/c. Therefore, due to 
the sensitivity of the distribution magnitudes to the value of 9max^  the error in
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Figure 4.6; Parallel momentum distribution of ^Be from the breakup of on Pb 
at 44A MeV. The curves are results of CDCC calculations with the E2 amplitude 
multiplied by different factors.
the experimental value of 9max can account for the discrepancy in the magnitudes 
of the calculated and measured distributions at 44 MeV/nucleon. However, the 
discrepancy in the magnitudes of the calculated and measured distributions at 82 
MeV/nucleon cannot be reconciled by an angular resolution of 0.1 degrees. An 
angular resolution of approximately 0.2 degrees is necessary for the calculated 
distributions to be within the limits of uncertainty of the measured distributions 
using the current structure model with the E2 amplitude scaled by 1.6.
As shown in Figures 4.5 and 4.6, scaling the E2 amplitude by a factor of 1.6 
in the CDCC calculations for on Ag and Pb at 44 MeV/nucleon increases 
the asymmetry of the parallel momentum distributions sufficiently to match that 
seen in the measured distributions. However, this scaling factor has only been 
used to fit two sets of data. Any changes to the ®B structure model need to be 
universal and should give results that fit all sets of data. Figures 4.8 and 4.9
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Figure 4.7: ‘Height’ of measured and calculated distributions as a function of 9max- 
Solid lines are the heights of distributions calculated using CDCC method with various 
E2 amplitude scalings. Points are the heights of the measured distributions.
show the ^Be parallel momentum distributions for on Ag and Pb at 44 and 
82 MeV/nucleon for all available angular cuts. In each figure the predictions 
from CDCC calculations with no scaling of the E2 amplitude are shown in the 
left hand graphs and the results from CDCC calculations with the E2 amplitude 
scaled by 1.6 are shown in the right hand graphs.
The magnitude of the distributions has been scaled to bring them in line with 
the data, highlighting the effect of increasing the E2 strength. The asymmetry 
observed in the data at 44 MeV/nucleon is not reproduced by the calculated dis­
tributions with no E2 scaling. For the calculated distributions where the E2 am­
plitude has been increased by a factor of 1.6, the asymmetry seen in the measured 
distributions is reproduced with the exception of ®B on Pb at 44 MeV/nucleon 
for the largest angular cut of 9max = 3.5°. At 82 MeV the asymmetry seen in 
the measured distributions is reproduced with and without scaling the E2 
amplitude. This seems to indicate that the CDCC calculations aren’t particu­
larly sensitive to changes in the E2 strength for this incident energy. Therefore,
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Figure 4.8: Parallel momentum distribution of ^ Be from the breakup of ®B on Ag at 44 
(lower graph) and 82 (upper graph) MeV/nucleon. Curves in the left hand graphs are 
the predictions from CDCC calculations using the assumed structure model of Chapter 
3. Curves in the right hand graphs are the predictions from CDCC calculations with 
the E2 amplitude multiplied by 1.6
scaling the E2 amplitude by a factor of 1.6 in the CDCC calculations gives a 
consistent description of the asymmetry seen in the measured distributions for 
all data in this analysis. However, as noted previously, the widths of the distri­
butions from the 82 MeV/nucleon calculations do not match the data. Although 
scaling the E2 amplitude by 1.6 in the CDCC calculations results in distributions 
with the correct asymmetry, to reproduce this increase in E2 strength by chang-
49
82 MeV/nucleon
3.0
2.0
I 0.0 2.70 2.75 2.80 2.85
tto•o
44 MeV/nucleon
C D C C
0 8 ^ .  = 2 .4  09„^.=3.5"
82 MeV/nucleon
3.0
2.0
1.0
0.0 2.70 2.75 2.80 2.85
44 MeV/nucleon
4.0  C D C C  E 2  XI .6^0^ =1.5° n0„*=2.4'’O0...,=3.5'’ L3.0
2.0
1.0
0.01.95 2.00 2.05 1.95 2.00 2.05 2.102.10 
P// (GeV/c)
Figure 4.9: Parallel momentum distribution of ^ Be from the breakup of on Pb at 44 
(lower graph) and 82 (upper graph) MeV/nucleon. Curves in the left hand graphs are 
the predictions from CDCC calculations using the assumed structure model of Chapter 
3. Curves in the right hand graphs are the predictions from CDCC calculations with 
the E2 amplitude multiplied by 1.6
ing the structure model, significant and probably unphysical modifications to 
the structure model would be needed.
Figure 4.10 shows the calculated ^Be energy distributions for the breakup of ^B 
on ^^Ni at 26 MeV. The CDCC and DWBA calculations of Ref. [28] are depicted 
along with CDCC calculations where the E2 amplitude has been multiplied by 1.6
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Figure 4.10: Calculated ^Be energy distributions for the breakup of on ®®Ni at 26 
MeV for the laboratory angles indicated. All calculations use the Esbensen and Bertsch 
®B ground state structure model.
[58]. We see that asymmetry due to E1/E2 interference distributions seen in the 
parallel momentum distribution for the breakup of ®B at higher energies is also 
present in the DWBA calculations. In the CDCC calculations, the asymmetry 
is almost completely absent due to the suppression of the E l/E 2 interference by 
the higher-order couplings. Increasing the E2 strength in the CDCC calculations 
does not alter the asymmetry of the distributions in this case. The magnitude 
of the distributions is greatly increased however. In Ref. [28] it is shown that 
the experimental data are well described by the CDCC calculations without any 
adjustments to the ®B structure input. Therefore, an increase in the E2 amplitude 
by a factor of 1.6 may not be appropriate in this case.
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Chapter 5
C alculations for breakup of °Li
In the previous Chapter the results of coupled discretised continuum channels 
(CDCC) calculations indicate that higher-order effects play a significant role in 
the breakup of on the targets and at the beam energies used in the experi­
ments of Davids et al [20]. However, the CDCC calculations underestimate the 
asymmetry in the measured ^Be parallel momentum distributions of Ref. [20] and 
it was shown that large changes to the structure model might be needed to fit 
the data. The CDCC calculations are the most complete calculations available 
for analysing these breakup reactions, in that they are fully quantum mechanical, 
include higher-order effects and can include fragment-target nuclear interactions. 
Within the CDCC method there are parameters such as the maximum wave num­
ber for the core-valence relative motion, the momentum bin width and maximum 
radius, the choice of values for which could affect the convergence of the calcula­
tions. Thus, it would be useful to compare the results of the CDCC calculations 
with other calculations that include higher-order effects. One such method is 
that described in Section 2.4, where the breakup cross section is calculated using 
the adiabatic approximation to the exact post-form breakup amplitude. Unfor­
tunately the closed form expression for the three-body wave function exists only 
when one fragment interacts with the target, and thus this method cannot be
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applied to the breakup of nuclei with a charged core and valence particle. There­
fore, to compare the results of CDCC calculations with the results of the adiabatic 
method we have chosen to analyse the breakup of ®Li which is another nucleus 
with a p-wave valence particle but, unlike ®B, the valence particle is a neutron.
5.1 Structure m odel for ^Li
The assumed structure model of ®Li is similar to that of ®B. The ground state 
consists of a neutron in a nodeless ^3/2 orbit bound to a spinless ^Li core. Spin- 
orbit forces are ignored and a Woods-Saxon potential of the form shown in Eq. 
(3.2) with a =  0.52 fm and ro=1.25 fm is used for bound state core-neutron inter­
action. A well depth of Vo =  47.66 MeV reproduces the observed binding energy 
of 2.033 MeV [59]. For the continuum states, the same Woods-Saxon parameters 
are used for the core-neutron interaction as for the bound state. This may not be 
a completely accurate structure model but the objective of this analysis is to be 
able to compare the results of CDCC and adiabatic calculations for the breakup 
of a nucleus with a valence particle in a p-wave orbital, rather than trying to 
describe experimental data. At present, there are no suitable data available for 
the breakup of ®Li.
5.2 R esults o f calculations for th e breakup of 
®Li
The observable we will calculate is the parallel momentum distributions of the 
core fragment, in this case ^Li, produced in the breakup reaction of interest. 
Figure 5.1 shows the results of our calculations for the breakup of ®Li on Pb at 
44 MeV/nucleon for three different angular cuts of the core angular distribution. 
All calculations include only Coulomb interactions between projectile and the
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target. The asymmetry seen in the ^Be distributions calculated using the CDCC, 
DWBA and semi-classical methods is no longer evident in the corresponding ^Li 
distributions. This can be explained by looking at the expression for the electric 
multipole operators given in Eq. (2.13). For ®Li the ex factors for the dipole and 
quadrupole operators are
3e 3e
" ' = 6 4  (5.1)
and for ®B they were
—3e 53e , \=  — . 62 =  — . (5.2)
Therefore, E l transitions are far more dominant in the Coulomb breakup of ®Li 
than in the breakup of ®B, resulting in far less E1/E2 interference in the ®Li case. 
The CDCC, DWBA and semi-classical calculations, which are all ‘prior-form’ 
calculations, give distributions which, although varying in magnitude, all have 
the same basic shape. However, the distributions calculated using the CDCC 
method are centred on higher a p// value than the DWBA and semi-classical 
results. This is also seen in the ^Be distributions calculated using these three 
methods, although it is not obvious from the results presented in Chapter 4 as 
the distributions have been re-centred on the data in those graphs.
Also shown in Figure 5.1 are the results of calculations using the adiabatic 
method. This method gives significantly different results to the other three meth­
ods in that the distributions are not symmetric and the cross section is greatly 
reduced. The asymmetry of the distributions does become less prominent as Omax 
is reduced from 2.0° to 1.0° but does not disappear completely. One feature of 
the results of adiabatic calculations that is common with the CDCC results is the 
shifting of the distributions towards higher momenta than the results of the first- 
order calculations, suggesting this could be a higher-order effect. Figure 5.2 shows
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Figure 5.1: Calculated parallel momentum distribution of ^Li from the breakup of 
^Li on Pb at 44A MeV.
the results of calculations of the cross section as a function of another observable: 
The relative energy of the neutron and ^Li core. As with the parallel momentum 
distributions, the results of the CDCC and semi-classical calculations are similar 
whereas the curve calculated using the adiabatic method is quite different. The 
peak is at a higher energy and the magnitude in the region of approximately 0-3 
MeV is considerably less than that of the other curves, although the curves do 
converge as they go towards higher relative energy. The additional points shown 
in Figure 5.2 are the results of a non-perturbative time-dependent calculation 
[60], the details of which are described in Ref. [39] where it is used to study the 
Coulomb breakup of ^^Be. This method gives results which are similar to those 
of the CDCC and semi-classical calculations in both magnitude and the position 
of the peak.
The adiabatic method may be giving conflicting results to the other calculations 
due to the adiabatic approximation not being valid for this reaction. In the adi­
abatic approximation, the internal Hamiltonian is replaced with a constant 
energy in the three-body Schrodinger equation , Eq. (2.42). This constant is 
chosen to be the binding energy of the projectile. However, if the binding en­
ergy is not sufficiently small enough, when compared with the projectile incident
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Figure 5.2: Energy spectrum for the breakup of ®Li on Pb at 44A MeV with minimum 
impact parameter bmin = 12 fm.
energy, the adiabatic approximation may not be valid. With this in mind, the 
calculations for the breakup of ®Li on Pb at 44 MeV/nucleon were repeated with 
the binding energy of ®Li reduced to 0.2 MeV. Figure 5.3 shows the results of 
these calculations. The magnitudes of the ^Li parallel momentum distributions 
have been greatly increased as would be expected by reducing the binding energy 
of the projectile and the distributions are also narrower. The distributions 
calculated using the DWBA and CDCC methods have a similar shape to the 
calculations using a binding energy of 2.033 MeV but now the distribution calcu­
lated using the adiabatic method is also symmetric. However, despite now being 
symmetric, the adiabatic calculated distribution is not simply different from the 
other calculated distributions by only a scaling factor as its width is (relatively) 
greater than that of the other distributions.
In the absence of experimental data for the breakup of ®Li, it cannot be said with 
certainty whether the adiabatic or CDCC calculations are incorrect. Although 
the results of CDCC calculations are closer to the results of the semi-classical and 
DWBA results than the results of the adiabatic calculations, this does not auto­
matically mean that the results of thei adiabatic method are incorrect. The expressions
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Figure 5.3: Parallel momentum distribution of ^Li from the breakup of ®Li on Pb at 
44A MeV. 9max = 2.0°
for the T-matrix in the CDCC, DWBA and semi-classical methods are based on 
the prior-form of the breakup T-matrix whereas the adiabatic method uses the 
post-form, so it should not be surprising that the results from the CDCC, DWBA 
and semi-classical calculations are all similar.
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Figure 5.4: Parallel momentum distribution of ^^Be from the breakup of ^^Be on Ta 
at 63A MeV. Omax = 3.5°
Previous calculations using the adiabatic method to make predictions for the 
breakup of weakly bound nuclei such as deuterons [38] and ^ESe [49], have given
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good descriptions of the experimental data. Also, there is better agreement be­
tween the results of the adiabatic calculations < and the other theoretical methods used in 
this analysis for these nuclei than for ®Li. For example. Figure 5.4 shows the ^°Be 
parallel momentum distribution for the reaction ^^Be-I-Ta at 63 MeV/nucleon 
calculated using the semi-classical method and the adiabatic method. The semi- 
classical calculation has identical initial and final state potentials. Although the 
magnitudes are still significantly different, the two distributions are almost iden­
tical if the adiabatic distribution is scaled to bring its magnitude in line with that 
of the semi-classical distribution. However, the ,deuteron and ^^Be have valence 
particles in an s-wave orbital whereas the valence neutron in ®Li is in a p-wave 
orbital and this appears to have a significant effect on the results of the differ­
ent calculations. The CDCC method has already been shown in Chapter 4 to 
give results that reproduce, to a fair degree of accuracy, the experimental data 
from the breakup reactions of a nucleus with a p-wave valence particle, namely 
®B. Therefore, it is likely that although the adiabatic method is reliable for pro­
jectiles with s-wave valence particles, it cannot be used for nuclei with p-state 
projectiles.
A possible reason for this is revealed by examining the form of the vertex func­
tions, tfie different nuclei, shown in Figure 5.5. In the adiabatic method,
the structure information of the projectile enters through the vertex function, so 
it is this part of the expression for the T-matrix that is sensitive to differences 
in the structure of nuclei. From Figure 5.5 we can see that the characteristics 
of the for nuclei with s-wave valence particles are quite different to those 
with p-wave valence particles at small values of Py. In the adiabatic method,
Py is equal to |qv — TwcQpl? the momentum transfered to the valence particle in 
breakup.
For deuterons and ^^Be, has a maximum at =  0 whereas for ®Li =  0 
at P„ =  0 and increases to a maximum 3.1 Py ^  1. Therefore, the sensitivity of the
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Figure 5.5: Vertex functions for ®Li, ^^Be and the deuteron.
cross section to changes in for low momentum transfers is greater for p-state 
projectiles than s-state projectiles.
5.3 Post-form  finite range D W B A  calculations
In Section 2.4, another expression for the breakup T —matrix was derived by 
inserting the DWBA form of the three-body scattering wave function in the 
post-form T-matrix and applying the global momentum approximation (GMA) 
to either the entrance or final channel distorted wave. This expression is simi­
lar to the T-matrix derived using the adiabatic approximation to the three-body 
scattering wave function, the only difference being the precise expression for Py 
used in evaluating the vertex function. If the GMA is applied to the entrance 
channel distorted wave [49] then Py =  — 7ycQ where Q is the effective mo­
mentum of the projectile, qy is the final state valence particle momentum in the 
projectile-target c.m. frame and 7yc =  m y/(mc+ 7riy). Applying the GMA to the 
final channel core distorted wave [52] gives Py =  aqy — 7ycQ where Q is now the 
effective core momentum and q: =  1 — jtc'Jvc {'Jtc = +  m-c)). However, in
both cases it is not clear what choice should be made for either the magnitude
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or direction of the effective momentum Q.
Figure 5.6 shows the ^Li parallel momentum distributions for the breakup of ®Li 
on Pb at 44 MeV/nucleon calculated using various choices for Q. The solid curves 
in the figure show the results of calculations where the vertex function is evaluated 
using Py =  qy — 7ycQ with Q equal to the projectile incident momentum, q^
[49]. In this case the expression for the T-matrix is identical to that of the 
adiabatic approximation to the post-form T-matrix but is suggested to arise 
from the DWBA. The dashed curves are the result of choosing the magnitude 
Q to be that of q^ but taking the direction to be parallel to the direction K, 
the asymptotic momentum of the c.m. of the projectile fragments in the final 
state. The dotted curves are the results of evaluating the vertex function at 
Py =  aqy — 7ycQ with Q =  qc- This is the same choice of direction for the 
effective momentum as used in the calculations in [52] which are claimed to be 
finite range DWBA calculations. However, in [52] the magnitude of the effective 
core momentum is evaluated as that in a Coulomb potential at R d = 10 fm 
in Eq. (2.57) rather than Rp = oo, although it is stated that the magnitude 
of Q remains constant for values of Rp  above 10 fm. The figures show that the 
different choices of effective momentum make only small differences to the parallel 
momentum distributions. Evaluating the vertex function using Py =  aqy — 7ycpc 
gives distributions which are far more similar to the distributions calculated using 
the adiabatic method than the results of DWBA calculations using the prior-form 
T-matrix (Fig 5.1).
Such discrepancies between the post and prior calculations are not entirely unex­
pected. The region of the three-body scattering wave function which is important 
in evaluating the T-matrix in the post-form adiabatic method is quite different 
from that in the CDCC, prior-form DWBA and semi-classical methods. In the 
post-form T-matrix element, the presence of the core-valence potential ensures 
that only small values of |r| are important in evaluating the integral over r,
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Figure 5.6: Parallel momentum distribution of ^Li from the breakup of ®Li ou Pb at 
44A MeV. See text for au explanation of calculations
assuming the valence particle is uncharged. This is desirable in the adiabatic 
method due to the stated inaccuracies in the adiabatic approximation to the 
three-body wave function at large values of |r|. The prior-form of the breakup 
T-matrix contains the core-target and valence-target interactions. Therefore, for 
a Coulomb dominated breakup reaction, any approximations to the three-body 
scattering wave function need to be valid over much larger regions of configura­
tion space due to the long range of the Coulomb interaction between the target 
and projectile fragments.
We note that in the DWBA approximations to the post-form T-matrix, the GMA 
is applied to the projectile distorted wave in the DWBA wave function so that 
the T-matrix can be factorised into two separate integrals. Approximating the 
projectile distorted wave in this way for all values of R  means that the DWBA 
wave function now contains a factor exp(%%cQ.r) giving it a similar form to the 
adiabatic scattering wave function. Unlike the adiabatic approximation to the 
exact scattering wave function, which retains breakup components through its 
complex dependence on r, the DWBA wave function has vanishing overlaps with 
the projectile excited states. However, this form now clearly has non-vanishing 
overlaps with the projectile excited states which contradicts the definition of the
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DWBA wave function. Similarly, applying the GMA to the core distorted wave 
also introduces further inaccuracies into the DWBA post-form T-matrix. In this 
case, the core distorted wave is now evaluated at R  rather than Rc and the 
expression in the left hand side of the matrix element is no longer a solution 
of the Hamiltonian describing the motion of the projectile fragments relative to 
the target in the absence of a core-valence interaction. Therefore, one would not 
expect the application of the GMA to either the core or projectile distorted wave 
to give a good approximation to the exact finite range DWBA T-matrix.
Previously, the results of post and prior calculations for the breakup of s-state 
nuclei have been compared [61]. The adiabatic method was shown to give almost 
identical results to those from calculation using the semi-classical approximation 
to the prior-form DWBA T-matrix in the zero range limit. In this limit, the adi­
abatic approximation to the post-form T-matrix reduced to that of the DWBA. 
The agreement therefore refiects rather accurate post-prior DWBA agreement in 
the zero-range limit. Since the zero-range approximation can only be applied to 
s-state projectiles, a similar post-prior comparison in the zero-range limit is not 
possible for p-wave projectiles. When including finite-range effects, the post and 
prior calculations do not agree for either s or p-state projectiles, as is shown in 
this chapter.
The disagreement between the post and prior DWBA calculations shown in this 
chapter may not be entirely due to the inaccuracies introduced by using the GMA 
in the evaluation of the post-form T-matrix. One would not necessarily expect 
even the exact post and prior DWBA methods to give identical results, even 
though they do agree in the zero-range limit, due to the interaction being treated 
to first-order is different in each case. In the post-form DWBA matrix element, 
the core-valence interaction is treated to first-order, whereas in the prior-form 
DWBA, it is the interaction of the projectile fragments with the target that is 
treated to first order. The adiabatic and CDCC theories however are both non-
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perturbative and thus, the differences between the results of these methods do 
not arise from treating the interactions to first-order. Since practical methods for 
evaluating the exact post-form DWBA T-matrix have not yet been developed, a 
final comparison between the results post-prior DWBA methods is not possible.
In summary, we have seen that the results of the adiabatic and CDCC calculations 
do not agree, despite both being non-perturbative theories. The disagreement is 
greater for p-state projectiles than for s-state projectiles, possibly due to the 
greater sensitivity of the vertex function to small changes in the magnitude of 
the momentum transfer, Py, at small values of Py, for p-state projectiles. The 
global momentum approximation (CMA) was used in evaluating the post-form 
DWBA T-matrix. Applying the CMA allowed the post-form DWBA T-matrix to 
be factorised in a similar way to the adiabatic post-form T-matrix. However, the 
nature of the CMA raised questions as to whether it is a good approximation to 
the post-form DWBA T-matrix. The CMA approach introduced a free parameter 
Q, the effective momentum at which the vertex function is evaluated. Various 
choices of effective momentum were used in evaluating the T-matrix and gave 
similar results to the adiabatic method (Fig 5.6) whereas the prior DWBA method 
gave results similar to the (non-perturbative) CDCC calculations (Fig 5.1). In 
the zero-range limit, the post and prior DWBA methods give almost identical 
results. However, a post-prior DWBA comparison using a realistic finite-range 
core-valence potential was not possible as the exact post-form DWBA T-matrix 
cannot be evaluated.
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Chapter 6
Sum m ary and conclusions
The Coulomb breakup of on Ag and Pb targets at 44 and 82 MeV/nucleon has 
been investigated using several theoretical descriptions of the Coulomb breakup 
process. A fully three-body description of reaction kinematics was developed 
enabling the calculation of the triple differential cross section. The parallel mo­
mentum distributions of the ^Be fragments produced in the breakup were studied 
in trying to find the E l and E2 contributions to the breakup cross section. E l/E 2 
interference causes asymmetry in the distributions and this asymmetry is used in 
trying to understand the E l and E2 transition strengths.
As an initial attempt to reproduce the measured ’’Be parallel momentum distri­
butions, first-order perturbation theory calculations were performed. A modi­
fied version of the Esbensen and Bertsch single particle ®B structure model was 
adopted for the calculations, with the ground state configuration taken to be a 
P3/2 proton bound to a spinless '^ Be core. Little error was expected in neglecting the 
Pi/2 proton configuration in the ground state and assuming a 100% P3/2 state. It 
was found that first-order semi-classical calculations overestimated the asymme­
try observed in the measured distributions. Reducing the E2 amplitude to 70% in 
the calculations reproduced the asymmetry of the measured distributions at 44 
MeV/nucleon. However, calculations of the parallel momentum distributions at
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82 MeV/nucleon with the same E2 adjustment still overestimated the asymmetry 
seen in the data. The discrepancy between the asymmetry seen in the calculated 
and measured distributions was far greater than any error due to assuming a 
purely P3/2 proton configuration in the ground state.
Fully quantum mechanical (first-order) DWBA calculations of the ^Be parallel 
momentum distributions had asymmetry that was less than seen in the semi- 
classical calculations. Thus, using the DWBA method did go someway toward 
reproducing the data without having to alter the assumed structure model. 
Both the semi-classical and DWBA first-order calculations failed to reproduce 
the widths of the measured distributions using only pure Coulomb projectile- 
target interactions. The disagreement with the data was especially evident at 82 
MeV/nucleon and therefore it was thought there may be significant nuclear in­
duced breakup contributions to the cross section. Core-target and proton-target 
nuclear interactions can be included in the DWBA method as well as the Coulomb 
interactions. Including these interactions in the DWBA calculations gave an in­
crease in magnitude and width of the parallel momentum distributions, although 
there was still some discrepancy between the widths of the calculated and mea­
sured distributions at 82 MeV/nucleon. Therefore, these results indicated nuclear 
induced breakup does make a significant contribution to the total breakup cross 
section in the reactions being investigated here.
The semi-classical and DWBA methods, in treating the projectile excitation to 
first-order, ignore higher-order effects that may be present in the breakup process. 
Coupled discretised continuum channels (CDCC) calculations were performed to 
study the importance of higher-order effects in the ®B breakup reactions being 
investigated here. The parallel momentum distributions calculated using the 
CDCC method had a greatly reduced asymmetry when compared with the first- 
order calculations, which is consistent with the results of previous higher-order 
calculations. Therefore, higher-order effects appear to play an important role
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in the breakup process and suppress the E1/E2 interference. However, the sup­
pression of the E1/E2 interference was such that the asymmetry seen in the 
measured distributions at 44 MeV/nucleon was underestimated. For the CDCC 
calculations to reproduce the observed asymmetry, it was found that an E2 ampli­
tude 1.6 times that defined by the assumed structure model was needed. Again, 
this discrepancy between the measured and calculated distributions is far greater 
than the errors due to approximations made to the ground state configuration.
The CDCC calculations at 82 MeV/nucleon described the asymmetry seen in the 
data for both Ag and Pb targets without any need for an adjustment to the E2 
strength. Increasing the E2 amplitude by 1.6 in this case produced only a small 
change in the asymmetry of the calculated distributions and the asymmetry seen 
in the data was still well described.
Thus, we have a theoretical description of the breakup process that reproduces 
the asymmetry seen in all the available data sets for the breakup of on Ag 
and Pb targets using a consistent ®B structure model (modified Esbensen and 
Bertsch model with the E2 amplitude multiplied by 1.6). However, to reproduce 
the increase in the E2 strength needed to describe the data by altering the ^B 
structure model would require large changes to the structure model that may 
not be physically justifiable. It was also seen that increasing the E2 amplitude 
by a factor of 1.6 in the CDCC calculations for the breakup of ®B on at 
the much lower beam energy of 26 MeV, results in a considerable increase (up 
to a factor of 2) in the magnitude of the energy distributions. While there is no 
noticeable change in the asymmetry of the distributions, the magnitude of the 
data is overestimated. The data were previously well described without any E2 
enhancement.
As a check, the CDCC method was compared with the adiabatic method, which also 
includes higher-order effects. Unfortunately, the adiabatic method can only be 
applied to the breakup of projectiles where one of the fragments is uncharged,
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so a comparison with the CDCC calculations for the breakup of was not 
possible. Instead, the breakup of ^Li on Pb at 44 MeV/nucleon was studied. 
Like ®B, ^Li is a weakly bound nucleus with the valence particle in a p-state, 
except the valence particle is a neutron instead of a proton. As with the ^Be 
distributions, the CDCC results were similar to those of the other ‘prior- 
form’ calculations i.e, the DWBA and semi-classical methods. The ‘post-form’ 
adiabatic calculations however, gave distributions which were markedly different 
in shape and magnitude to those calculated using the CDCC method.
In the absence of experimental data for the breakup of ®Li, it is not certain 
which of the two calculations is correct. However, since the CDCC method was 
reasonably successful in reproducing the breakup data for ®B, it is likely that 
the adiabatic method is incorrect in the case of ®Li. For the breakup of s-state 
projectiles where the adiabatic approximation is valid i.e, where the incident 
projectile energy is much greater than the core-valence excitation energies, good 
agreement has been seen between experimental data and adiabatic calculations. 
Also, the agreement between adiabatic and prior-form calculations, while not 
exact, is better for s-state projectiles than for ®Li. Therefore, it appears that 
the adiabatic method is applicable to the breakup of s-state projectiles but fails 
when considering non-s-state projectiles. The failure of the adiabatic method is 
thought to arise due to the characteristics of the vertex functions of non-s-state 
nuclei, through which the projectile structure information enters in the adiabatic 
method.
The global momentum approximation (GMA) was used in evaluating the post­
form DWBA T-matrix. In this approach, the expression obtained for the breakup 
T-matrix in very similar to that of the adiabatic method, the only operational dif­
ference being the form of P ,^ appearing in the vertex function. Within the GMA 
the exact form of F„ is not specified and is a free parameter in this approach. 
Various different choices of P„ were used in calculating the ^Li parallel momen-
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turn distributions for the breakup of ®Li on Pb at 44 MeV/nucleon. The results 
were all similar to those of the adiabatic calculations rather than the prior-form 
DWBA calculations. The nature of the GMA raised questions as to whether it 
is an appropriate approximation to make in evaluating the post-form DWBA T- 
matrix element. However, the disagreement between the post and prior DWBA 
calculations is not necessary entirely due to inaccuracies resulting from the GMA 
approach. In evaluating the post-form DWBA T-matrix, the core-valence inter­
action is treated to first order whereas in the prior-form of the DWBA T-matrix 
it is the fragment-target interactions that are treated to first-order. Thus, even 
the exact post and prior DWBA calculations may disagree.
6.1 A chievem ents
• A theoretical method was developed to calculate the triple differential cross 
sections for the breakup of weakly bound, two-body projectiles using the Alder 
and Winther (high energy) semi-classical model for Coulomb excitation.
• Parallel momentum distributions for the breakup of ®B on Pb and Ag at 
44 MeV/nucleon were calculated using this method which were consistent with 
results of first-order semi-classical calculations in previous studies of this breakup 
reaction.
• Relativistic kinematics were used to derive an expression for the density of 
states in calculating the triple differential breakup cross section. Parallel mo­
mentum distributions were then calculated using a fully relativistic semi-classical 
method.
• All measured parallel momentum distributions from the NSCL ®B breakup 
experiments were compared with CDCC calculations for the first time. The asym­
metry seen in the measured distributions was described by the CDCC calculations 
using a consistent ®B structure model of the Esbensen and Bertsch model with
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the E2 strength multiplied by 1.6.
• The large discrepancies between the results of theories using post and prior 
forms of the breakup T-matrix for the breakup of p-state projectiles were high­
lighted for the first time.
6.2 Future work
The calculations of breakup presented in this work incorporate a structure 
model where the ground state configuration of ^B is assumed for simplicity to 
consist of a p 3/2 proton weakly bound to an inert, spinless ^Be core. Calculations 
using a more detailed structure model, including state mixing in the ground 
state and core spin and excitation, could be performed. To gain further insight 
into the post-prior disagreement seen in both first-order and all-order theories, it 
would be useful to have experimental data for the breakup of a p-state projectile 
with a neutral valence particle such as ®Li with which to compare the theoretical 
calculations. Developing the practical methods needed to evaluate the exact post­
form DWBA and all-order T-matrix elements would also allow a final comparison 
of the post and prior methods.
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A ppendix A
Triple differential cross sections
Quite generally, the cross-section for a three-body breakup reaction with particles 
emerging in momentum intervals Ap^, Apc, Apf can be written
12
(27rh)^Ap„ Apc Apt
x S { p f - p i ) 0 { E f  -  E i - Q ) .  (A.l)
Here Tmoa' is the breakup T-matrix, calculated using the various methods de­
scribed in Chapter 2, and V{ is the initial projectile-target relative velocity. The 
subscripts v, c and t refer to the valence, core and target particles respectively and 
i and /  refer to the initial and final states. The triple differential cross section can 
be evaluated using either relativistic or non-relativistic three-body kinematics.
A .l  N on-relativistic three-body kinem atics
The infinitesimal volumes in momentum space in Eq. (A.l) have the form
dp =  p^dpdü
=  mpdEdO,. (A.2)
70
Thus, Eq. (A.l) can be rewritten as
xmvPymcPcS{pf -  Pi )S(Ef  -  E i ~ Q ) .  (A.3)
Integrating over the momentum of the (unobserved) target, pt, will eliminate the 
momentum conserving (5-function, ^(p/ — Pi), leading to the following constraint 
on the final state particle momenta
P /  =  Piot =  Pt; +  Pc +  Pt == Pi. (A.4)
Thus, we can write the triple differential cross-section for detection of particle 
c, V in d^ c^j dD^ , and particle c m  E c ^  Ec~\- dEc as
d^ cr 27T 7 , ^  1 v-A |T,noff'P
df^yd^cdT^c /t'Ui j  (2jo +  1) (2?r/i)®
xmyPymcPcS{Ef -  E i -  Q)j (A. 5)
where the final state particle momenta are now constrained by the relationship 
given in Eq. (A.4). The projectile-target relative velocity is
where Ep is the projectile incident kinetic energy in the laboratory frame and nip 
is the projectile mass.
To evaluate the remaining integral in Eq. (A.5), we follow the method of Fuchs 
[62] and change the variable of integration from Ey to E f using the Jacobian
dEf _  1 _  rriy{ptot-Pc)-Pv^^
Integrating the right hand side of Eq. (A.5) eliminates the energy conserving 
^-function, fixing the total final state kinetic energy at
E f = Eyd-Ec + Et = Eid-Q  (A.8)
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and the triple differential cross section reduces to 
d^cr 27t 1
d Q y d 0 .c ^ E c  h v i  { 2 j o  -h 1)
Here the density of states, p{Ecj üy)j is equal to [62]
'^vPv'^^cPc
(2irhy / dEidEy E f = E i - i - Q  
myPyrricPcmt (A.IO)(2ir%Y{mt +  m„ -  m„(Pf„t -  Vc)-VvIpI) '
The triple differential cross-section is calculated for a range of detected 6 and 
(j) angles and energies for the observed particle, in this case the core, and a 
range of detected angles for the second (valence) particle in the frame (either 
laboratory or c.m.) of interest. Therefore, for each (j)y, 6c, 0c, Ec combination, 
the momentum of the core and the direction of the valence particle momentum 
is known. From Eqs. (A.4) and (A.8) the following expression is obtained to 
calculate the magnitude of the valence particle momentum
where Ei^^d is the binding energy of projectile. Eund is the equivalent of Q  in 
the energy conserving (5-function and is defined as a negative value. The total 
initial kinetic energy, E'i, is equal to Ep  ^ in the laboratory frame, or mt/rritotEp 
in the c.m. frame. All quantities in Eq. (A. 11) are known except the magnitude 
of Pv Hence, by solving (A.11) for p„, the valence particle momentum can be 
found. The final state wave vector of the c.m. of the projectile fragments K and 
core-valence relative wave vector k can then be expressed in terms of the final 
state particle momenta as follows
hK. “  Pî, +  P c    -Pfot (A. 12)" t^ot
where mtot =  +  me +  m*, and
hk -  — p^ -  -— ^ ^ P c -  (A. 13)iTiy d-ruc rriyd- rric
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A .2 R elativistic three-body kinem atics
Relativistically, a particle with rest mass m  and momentum p will have kinetic 
energy
E  =  4- — mc^. (A. 14)
Thus, the infinitesimal volumes in momentum space in Eq. (A.l) now have the 
form
dp =  p^dpdn
=  d-m'^c^y^'^dEdQ. (A.15)
For this derivation, m^, rric and rrit will refer to the rest masses of the three 
particles and all energies will be kinetic rather than total energy. We also confine 
ourselves to the cross section in the laboratory frame.
Using the above expression for dp, the triple differential cross section has the 
form
=  ^  /  dP;  I  \Tmoa'\ g y /  2 2 . 2 4 a / 2
dnydÜcdEc hVi J   ^ {2jo +  1) (27r;i)6 ^   ^ ^
x^(PcC^ +  Tn^c^y^^0{Ef — Ei — Q). (A. 16)
with the constraint of the final state particle momenta given in (A.4) and the 
projectile-target relative velocity defined as
where
^  (A.17)c 7
7 =  + 1. (a.18)rripC
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As in the non-relativistic case, the integral in Eq.(A.16) is evaluated by changing 
the variable of integration from Ey to Ef .  To find the Jacobian used in this 
change of variable, we note that
and
d E f  _  d E f  d p y
dEy dpy &Ey'
+[(Pioi -  Po -  Pc)^c^ +
(A.19)
(A.20)
Differentiating (A.20) with respect to py
d E f  _ PyC ^(Ptof Pu Pc).Pvdpv {pI +  m 2c2) 1/2 [(Pt(,( - p „  -  Pc)^ +  m |c 2 ] i /2
and Ey with respect to py
dEy _  PyC
dPt; (p2+m2c2)l/2
leads to the following expression for the Jacobian
d E f  ^  (pI +  mlc?y/^{pM  -  P« -  Pc) P«
9E„ pM(Pto* - P «  -  Po)  ^+  rn|c2]i/2
(A.21)
(A.22)
(A.23)
Therefore, the expression for the triple differential cross section is the same as in 
Eq. (A.9) except the density of states p(E'c, Dc, D„), is now equal to
_(27rh.)® c2
/  1 _  W  +  - P v -  Pc).p^
PÎÜPtot - P v -  Pc)^ +  m |c2]l/2 (A.24)
If Pi; < <  rriyC, Pc «  rricC and (ptot — Pu — Pc) «  m^c, Eq. (A.24) reduces to
pi^Ec, ^Cj ^v) PyTRyPcrric(27r/i)^ / 1 - m%,c(p(ot Pt, Pc) 'Pt;plmtcTTlyPy TTlcPcTfli
{2'KnYim t ^ r r i y -  m « ( p w  -  P c ) . p t ; / p 5 )
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(A.25)
which is the non-relativistic expression for p{Ec,0.c,0,y) given in Eq. (A.IO).
The constraints placed on the final state particle momenta and energies by the 
energy and momentum conserving J-functions in (A. 16) give the following ex­
pression
Ei +  Ebind = {pI c^  +  +  {pIc^  +
+[{ptot - P v -  Pcfc^ +  -  nitotc^. (A.26)
By solving the above equation for p„ the valence particle final state momentum 
can be found. Here, the laboratory frame is chosen as the frame of interest. 
Hence, the initial total kinetic energy, E{ is equal to the incident kinetic energy 
of the projectile, Ep.
The wave vectors k and K are connected to the final state particle momenta 
through the following relations
hK  =  Pg +  pj, (A.27)
and
where p[, and pj, are the core and valence momenta in the centre of mass frame 
of the three-body system. However, if the values of 6c,^ciEc,9y,(py are given in 
the laboratory frame, then pc and p^ will be calculated in the laboratory frame. 
Therefore, to find k and K  we need to find how p^ , and Pc are related to p[. and 
pj,. This is done by performing a Lorentz boost to the centre of mass frame of 
the three-body system i.e, the frame where the total momentum is zero. Then 
using this transform, p^ , and Pc can be transformed to the c.m. frame.
Prom Eq. (A.4), the final state total momentum in the laboratory frame is equal 
to the incident momentum of the projectile. The laboratory frame is chosen so 
that the direction of the incident momentum of the projectile is along the z axis.
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Thus the Lorentz transformation from the laboratory to the c.m. frame for the 
total momentum 4-vector is
\Tcm 0 0 f^ cm'ycm 
0 1 0  0
0 0 1 0
^ Pcm'lfcm 0 0 Tcm J \
Ep/^ T Ebind/ T  
0 
0 
Ptot
\
From the above matrix equation, /3cm is
Pcm — Ptot
J
(A.29)
E p / c  +  Ebind/C +  mtot^ 
and given /3cm, 7cm =  (1 -  •
Using this transformation, the particle momenta in the c.m. frame of the 3-body 
system are
p\
V7c
Px ^
Py
 ___/c+Ebind/c+mtot ) J(  _  ptot{Elc+mc) \
Thus, k and K  can now be calculated.
A .3 Parallel m om entum  distributions
For core particle parallel momentum distributions, we need to calculate the dif­
ferential cross section dcr/dpc//, where Pc// is the component of core momentum 
along the beam axis, which in this case is the z-axis. Therefore
da
dpc// / d “ *’ / d P - / d P ‘^ (d n „ d p e )- (A.30)
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The limits of the momentum integrals are controlled by the measured aperture.
In Eq. (A.30), the triple differential cross section d^cr/dO^dpc is defined in terms 
of a differential of core momentum, whereas in Eq, (A.9) it is defined as a 
differential in core energy. To find how the two are related, we note that
/  (a&) - /  «  (e S js) ^
Therefore, using either the non-relativistic (A.2) or relativistic (A.15) expression 
for dp in we find that
or
d^ cr 1 d^ <j
dDydpc PcTUc df^^,dücdEc
d^a c2 d^a
(A.32)
dn,,dpc Pc(Ec + rricC^ ) dQ^ jdDcdE c^ (A.33)
77
Bibliography
[1] G. Baur and H. Rebel, J. Phys. G 20, 1 (1994).
[2] P. D. Parker, Phys. Rev 150, 851 (1966).
[3] R. W. Kavanagh, T. A. Tombrello, J.M Mosher and D.R. Goosman, Bull. 
Am. Phys. Soc. 14, 1209 (1969).
[4] F. J. Vaughn, R, A. Chalmers, D. Khohler and L. F. Chase, Jr., Phys. Rev. 
C 2, 1657 (1970).
[5] C. Wiezorek, H. Krawinkel, R. Santo and L. Wallek, Z. Phys. A 282, 121 
(1977).
[6] B. W. Filippone, A. J. Elwyn, C. N. Davids and D. D. Koetke, Phys. Rev. 
Lett. 50, 412 (1983); Phys. Rev. C 28, 2222 (1983).
[7] K. H. Kim, M. H. Park and B. T. Kim, Phys. Rev. C 35, 363 (1987).
[8] K. Langanke and T. D. Shoppq , Phys. Rev. C 49, R1771 (1994).
[9] T. Motobayashi et a/, Phys. Rev. Lett. 73, 2680 (1994).
[10] N. Iwasa et al, Phys. Rev. Lett. 83, 2910 (1999).
[11] B. Davids et al, Phys. Rev. Lett. 86, 2750 (2001).
[12] G. Baur, C. A. Bertulani and H. Rebel, Nucl. Phys. A458, 188 (1986).
78
13] M. Gai and C. A. Bertulani, Phys. Rev. C 52, 1706 (1995).
14] S. Typel and G. Baur, Phys. Rev. C 50, 2104 (1994).
15] H. Esbensen and G. F. Bertsch, Nucl. Phys. A600, 37 (1996).
16] H. Esbensen, International School of Heavy Ion Physics, 4th course: Exotic 
Nuclei, (World Scientific, 1998) p.71.
17] J. H. Kelly et al, Phy. Rev. Lett. 77, 5020 (1996).
18] B. Davids et al, Phys. Rev. Lett. 81, 2209 (1998).
19] H. Esbensen and K. Hencken, Phys. Rev. G 61, 054606 (2000).
20] B. Davids, S. M. Austin, D. Bazin, H. Esbensen. B. M. Sherrill, I. J. Thomp­
son and J. A. Tostevin, Phys. Rev. C. 63, 0656806 (2001).
21] H. Esbensen, G. F. Bertsch and C. A. Bertulani, Nucl. Phys. A581, 107 
(1995).
22] J. von Schwarzenberg, J. J. Kolata, D. Peterson, P. Santi, M. Belbot and J. 
D. Hinnefeld, Phys. Rev. C 53, R2598 (1996).
23] V. Guimaraes et al, Phys. Rev. Lett. 84, 1862 (2000).
24] J. J. Kolata et al, Phys. Rev. C 63, 024616 (2001).
25] F. M. Nunes and I. J. Thompson, Phys. Rev. C 57, R2818 (1998).
26] R. Shyam and I.J. Thompson, Phys. Rev. C 59, 2645 (1999).
27] F. M. Nunes and I. J. Thompson, Phys. Rev. C 59, 2652 (1999).
28] J, A. Tostevin, F. M. Nunes and I. J. Thompson, Phys. Rev. C 63, 024617 
(2001).
[29] A. Winther and K. Alder, Nucl. Phys. A319, 518 (1979).
79
[30] F. C. Barker, Aust. J. Phys. 33, 177 (1980).
[31] R. G. Robertson, Phys. Rev. C 7, 543 (1973).
[32] C. A. Bertulani, Phys. Rev. C 49, 2688 (1994).
[33] T. A. Tombrello, Nucl. Phys. 71, 459 (1965).
[34] F. M. Nunes, R. Crespo and I. J. Thompson, Nucl. Phys. A615, 69 (1997).
[35] N. K. Timofeyuk, Nucl. Phys. A620, 29 (1997).
[36] B. A. Brown, A. Csoto and R. Sherr, Nucl. Phys. A597, 66 (1996).
[37] L. V. Grigorenko, B. V. Danilin, V. D. Efros, N. B. Shul’gina, and M. V.
Zhukov, Phys. Rev. C 57, R2099 (1998); Phys. Rev. C 60, 044312 (1999).
[38] J. A. Tostevin, S. Rugmai and R. C. Johnson, Phys. Rev. C 57, 3225 (1998).
[39] V. S. Melezhik and D. Baye, Phys. Rev. C 59, 3232 (1999).
[40] K. Aider and A. Winther, Electromagnetic Excitation, (North-Holland Pub­
lishing Company/American Elsevier Publishing Company, 1975), pp 17-18.
[41] D. M. Brink and G. R. Satchler, Angular Momentum (Oxford University 
Press, 1993).
[42] G. R. Satchler, Nucl. Phys. 55, 1 (1964).
[43] M. Kamimura, M. Yahiro, Y. Iseri, H. Kameyama, Y. Sakuragi and M.
Kawai, Prog Theor. Phys. Suppl. 89, 1 (1986).
[44] N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G, Rawitscher, and M.
Yahiro, Phys. Rep. 154 125 (1987).
[45] J. S. Al-Khalili and J. A. Tostevin, in Scattering, edited by Roy Pike and 
Pierre Sabatier (Academic, London, in press) Chapter 3.4.
80
[46] I. J. Thompson, Comput. Phys. Rep. 7, 167 (1988) ; FRESCO users’ manual. 
University of Surrey, UK (unpublished).
[47] R. C. Johnson and P. J. R. Soper, Phys. Rev. C 1, 976 (1970).
[48] R. C. Johnson, J. S. Al-Khalili and J. A. Tostevin, Phys. Lett. 79, 2771
(1997).
[49] P. Banerjee, I. J. Thompson and J. A. Tostevin, Phys. Rev. C 58, 1042
(1998).
[50] A. Nordsieck, Phys. Rev. 93, 785 (1954).
[51] G. Baur and D. Trautmann, Nucl. Phys. A191, 321 (1972).
[52] R. Chatterjee, P. Banerjee, R. Shyam, Nucl. Phys. A675, 477 (2000).
[53] J. Cook, Nucl. Phys. A490, 153 (1982).
[54] F. D.Becchetti and G. W. Greenlees, Phys. Rev. 182, 1190 (1969).
[55] G. R. Satchler, Nucl. Phys. A579, 241 (1979).
[56] H. de Vries, C. W. de Jager and C. de Vries, Atomic Data and Nuclear Data
Tables 36, 495 (1987).
[57] G. R. Satchler, Nucl. Phys. A329, 233 (1994).
[58] I. J. Thompson, private communication.
[59] K. Bennaceur, F. Nowacki, J. Okolowicz and M. Ploszajczak, Nucl. Phys. 
A651, 289 (1999).
[60] Vladimir Melezhik, private communication.
[61] J. A. Tostevin, Fission and Properties of Neutron-Rich Nuclei, Proceedings 
of the Second International Conference, Edited by J. H. Hamilton, W. R. 
Phillips, H. K. Carter (World Scientific, 2000) p.429.
81
[62] H. Fuchs, Nucl. Instrum. Methods Phys. Res. 200, 361 (1982).
82
